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Abstract 
Wheat flour doughs are important in the manufacture of various bakery products. There is 
a complex array of intermolecular interactions occurring within doughs and during the 
baking process; these interactions determine the end product quality and consumer 
appeal. In this study the inter-molecular interactions of flour components and other baking 
ingredients were investigated in the main three stages of bread making. These are, firstly, 
the mixing stage which primarily involves protein components, then the fermentation 
process which depends on both protein and starch because this requires both the 
production and retention of gas. Finally the baking process impacts end product quality 
through the changes of staling following the interactions occurring in the earlier stages.  
 
The primary aim of this study has been to investigate the inter-molecular interactions of 
selected baking ingredients during the three main stages of bread making process. The 
specific objectives have been to monitor the impact of the interactions at each stage as 
well as the impact on the ultimate characteristics of the resultant bread. In seeking to 
provide chemical and biochemical interpretation for the ingredient interactions during the 
dough mixing and proofing stages as well as their impact on the final product quality, an 
approach based on Attenuated total reflectance Fourier transform infrared (ATR/FT-IR) 
spectroscopy has also been evaluated. The purpose has been to seek new ways to 
investigate the complexity of these systems and adapting modern instrumental techniques 
to the study of wheat flour doughs. 
 
In this study ATR/FT-IR spectroscopy has been used and adapted to an investigation of 
the interactions occurring during bread making. Recent innovations and software which 
facilitate deconvolution of spectral data have been applied. In addition, baking tests were 
used to study the impact of ingredient interactions on the quality attributes of the end 
product. The paramters evaluated included texture and bread staling measured using 
texture analysis, bread colour using Minolta Chroma Meter as well as bread volume. 
 
The interaction of baking ingredients during the dough development stage were 
investigated using ATR/FT-IR spectroscopy particularly utilising its capability of showing 
the relative contributions of the different types of protein secondary structure, specifically 
α-helix, β-pleated sheet and β-turns. The results obtained during this study showed that 
the wheat flour proteins in the dough are the primary determinant of the dough 
development process. The changes taking place in the dough structure have been 
interpreted in relation to the changes in the protein secondary structural components. The 
relative proportion of the β-sheet content increased upon addition of the oxidising agent 
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ascorbic acid. The resultant changes in dough strength reflect the increased contribution 
of the β-sheet structure. Since the glutenin components of the gluten matrix are known to 
be rich in β -sheet, the dough strength has been interpreted in relation to the role and 
involvement of the glutenin within the matrix. Conversely, the incorporation of the reducing 
agent L-cysteine weakens the dough structure. This appears to be reflected in an increase 
in the intra-molecular interactions, protein- protein as well as starch- protein. The results 
are also interpreted as indicating that the oxidising agent increases inter-molecular 
interactions within the same protein molecule by enhancing the formation of disulfide 
bonds. 
 
A further aspect of molecular interaction investigated during the fermentation process was 
the action of α-amylase on wheat flour starch. This was monitored and measured, using 
ATR/FT-IR in the region of 800-1300 cm-1 corresponding with vibration associated with C-
C and C-O bonds. In order to study the inter-molecular interactions during the 
fermentation process, time dependent measurements were taken to monitor the reaction 
in which α-amylase hydrolysed starch components of wheat flour. In the spectra, peaks 
corresponding to the various sugars were detected, the relative areas of each were 
calculated and the amount of the sugars was observed to increase during the reaction. 
The rate of cleavage of the glycosidic linkage in starch by the action of α-amylase was 
monitored over the incubation time. The changes in starch structure were also estimated 
during this study focussing on the peak at 1045 cm-1 which indicates the crystallinity of the 
starch. This was seen to decrease while increases were seen in the peak at around 1022 
cm-1, corresponding with the amorphous structure of starch. In addition, it was possible to 
quantitate the peak appearing at approximately 976 cm-1 and this is identified as the 
damaged starch component. 
 
The interaction of ingredients during baking and their impact on the end product quality 
were investigated. The addition of various levels of the oxidising agent ascorbic acid 
increased bread volume and enhanced bread texture while the reducing agent L-cysteine 
increased bread volume to certain extent, but with elevated levels of incorporation, 
marked decreases in volume occurred, whilst at all levels bread crust color was improved. 
These changes in the baking quality were related to the changes brought about by the 
same dosage of both ingredients in the previous two steps of dough development and the 
fermentation stage. The effects of various levels of α-amylase on bread quality were 
measured and the addition of α-amylase was found to enhance bread volume, texture and 
colour as well as slowing the rate of bread staling.  
 
viii 
The current study enhances our knowledge of the baking process, confirms the value of 
deconvolution software for the evaluation of infra-red spectra as well as demonstrating the 
value of infra-red analysis as a means of monitoring the changes taking place and the 
influence of improver ingredients. 
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1 
1 Introduction 
1.1 Stages of bread making  
During the baking process various ingredients are used to enhance the baking 
performance of different types of flour with differing chemical composition. These additives 
have diverse chemical structure and include enzymes, oxidising and reducing agents, as 
well as emulsufiers. Recently enzymes have increasingly been preferred by the baking 
industry as they are natural. Understanding the chemical and physical changes during the 
various stages of bread making, is the key factor in controlling the action of baking 
ingredients throughout the various steps in the baking process. [1, 2] Bread dough 
systems are multiphase and have many components, with the major ones being starch, 
protein, lipids, other carbohydrates, water, and air. The quality parameters of bread are 
appearance, texture, taste, and stability and these are determined by the macroscopic 
structure of the product. This, in turn, is greatly influenced by dough ingredients and 
processing conditions. The macroscopic structure is developed during the baking process 
through mixing and kneading of the ingredients, proving the dough and baking. [3] 
 
1.1.1 Dough development stage (Mixing) 
Dough mixing is a very important stage in bread making. It performs three primary 
functions. Firstly, hydration occurs as the ingredients are homogenised and evenly 
distributed into the flour which is the main ingredient. On a weight for weight basis, most 
of the water added to make up the dough is absorbed by hydrophilic groups on the protein 
molecules.[4] The second function is the mechanical development of the gluten network, 
necessary to trap and hold the gases produced during the fermentation stage. The third 
function is dough aeration and, during the initial mixing stage, the gas bubbles in the 
dough are first created.[5, 6] In fact a significant component of the dough is air, which 
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arises from air entrapped in the bulk volume of the flour mass or from entrainment during 
the mixing process.[4, 7] The contribution of this air in the baking process is lowering the 
density of the dough, as shown in Figure 1-1, supplying oxygen for the yeast growth, and 
creating the gas bubbles which act as nuclei for homogenous expansion. [7] 
 
 
 
Figure 1-1 Digital image of bread crumb showing the effect of mixing in the grain of the 
crumb, adapted from [4] 
 
Dough can be regarded as a foam and this is formed during the mixing process. A 
continuous protein network is formed, air bubbles are created and larger bubbles are 
broken up into smaller bubbles. [8] Dough mixing characteristics, rheological properties 
and bread quality are very much related to protein composition. [9, 10] The extent to 
which dough should be mixed and developed depends on the type of flour and its 
chemical composition, the bread making method used and the subsequent processing 
Steps as shown in, as well as the desired end product characteristics. [11] 
 
The amount of mixing required to achieve optimum dough development may be 
determined through a variety of means. The first approach is to perform baking trials on 
dough mixed for different lengths of time possibly with differing mixing speeds. For the 
Chorleywood bread processes a minimum mechanical energy input of 40kJ kg-1 with no 
more than 5min mixing time is recommend. [6] During mixing, gliadin and glutenin form 
disulfide bridges producing the gluten protein matrix which is a three–dimensional 
structure capable of stretching without breaking as shown in Figure 1-2. 
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Table 1-1 Mixing time for different bread making methods for North American wheat. [11] 
 
Process  Total mixing 
time (min) 
Total fermentation 
time (h) 
Cysteine added (ppm) 
Sponge and 
dough 
15-17 3-5 - 
Straight dough 16-21 2 - 
No-time 
straight dough 
16-21 - 40 
 
 
 
 
 
Figure 1-2 Gluten network development and gluten extension adapted from [12] 
 
The three dimensional structure of the gluten may break with overextension if the dough is 
kneaded too much or over mixed. Therefore mixing time is an important factor in 
determining the end product quality. [10, 12] Mixing energy on the other hand plays an 
important role in optimising bread quality and final bread volume during the mechanical 
dough development as shown in Figure 1-3. [13] The high energy input facilitates the 
breaking of disulfide bonds which hold the original protein configuration together. As a 
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result, the sites available for the oxidation will increase. In addition, the energy input 
during mixing causes a considerable temperature rise in the final dough. [13, 14] 
 
 
 
Figure 1-3 The effect of energy input (Wh/kg) on bread volume. [13] 
 
1.1.2 Dough proving 
Proving is the heart of the bread making process; it is the very important link between 
mixing and baking.[15] Understanding how aeration during mixing affects bread quality 
requires a knowledge therefore of how the bubbles in the dough grow and change during 
proving. [16] Bubble growth during proving is influenced by four factors: the first is the rate 
of carbon dioxide production, which is a function of the rate of yeast growth and 
multiplication. Yeast multiply by budding as shown in Figure 1-4. [17]. Carbon dioxide is 
one of the by products of yeast growth and another condition that favours yeast growth is 
the availability of food in the form of fermentable sugars. This is typically provided by the 
addition of α-amylase to the bread formula to work upon damaged starch to produce 
fermentable sugars and can also be aided by the addition of sucrose to the bread formula. 
[16] 
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Figure 1-4 Yeast multiplication by budding. [17] 
 
The second factor influencing the growth of gas bubbles is the gas retention capacity of 
the dough, which is a function of the strength of the gluten network. The other factors are 
the amount of carbon dioxide diffusing from the liquid phase into the nitrogen nuclei and 
the rate of bubble coalescence. [16, 18] The amount of energy used during mixing 
influences the bubble size distribution in the dough. Bubble size is important as it 
influences bubble growth during the proving stage and hence the texture of the final 
product. [18] 
 
1.1.3 Baking 
Baking is the last stage in bread making process; several chemical, biological and 
physical changes take place. For example oven spring (Tthe sudden increases of bread 
dough during the early stage of bread baking), protein denaturation, starch gelatinisation, 
formation of a porous structure, evaporation of water, crust formation, and death of yeast 
at temperature of 54ºC.[19, 20] These changes can take place in three different stages as 
shown in Figure 1-5. The first of these takes place during the first 6 minutes of baking, the 
temperature of the outer crumb increases to 60 ºC at rate of 4.7 ºC per minute, resulting in 
high enzymatic activity, high yeast growth rate, and expansion of the gases resulting in 
the oven spring. This effect takes place in the first 8 min of the baking time and reaches its 
maximum in the first 5 min resulting in increase in bread volume by one third. The 
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changes in matrix rheology with temperature have a significant effect on oven spring and 
bread quality. [21-24] Also in this stage, differences in baking quality and rheological 
properties between flours from different wheat varieties become more pronounced and 
are indicated by the extent of oven spring. [25] In the second stage, the combination of 
heat, moisture, and time induces starch gelatinisation which starts at approximately 65 ºC. 
[20] The heating rate and shear conditions during baking have a significant influence on 
starch gel characteristics, while there is limited shearing encountered during baking due to 
oven spring and gas expansion, heating rate becomes the most important factor in 
determining the characteristic of crumb structure. [26-30] In addition, heat setting of gluten 
proteins takes place in this stage, leading to the formation of the solid foam structure in 
the bread.  
 
Changes in the transient glutenin protein network during baking are due to changes in 
protein surface hydrophobicity, sulfhydryl/disulfide interchanges, and the formation of new 
disulfide cross-links. [31-35] Also during this stage crust colour becomes more brown-gold 
in colour due to the chemical reactions producing coloured compounds, specifically the 
non enzymatic browning caramelisation and Maillard reactions. Caramelisation is a result 
of direct heating of carbohydrates, while the minimum requirements for the Maillard 
reaction are amino groups associated with proteins, reducing sugars, heat, and some 
water. [36-39] Browning depends on surface temperature, and is well correlated with 
weight loss during baking and oven temperature.[36, 40]  This stage takes around 12 
minutes and the temperature increases to 98 ºC at rate of 5.4 ºC per minute. [23] The last 
step involves volatilisation of organic compounds, which is considered to be the bake-out 
loss. This stage takes about 6 minutes.[23] During baking, heat transport towards the 
centre induces water transport and changes the water distribution in the bread loaf. [41] 
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Figure 1-5 Different stages in the transformation of dough into bread during the baking 
process. [22] 
 
1.2 Proteins 
Proteins are polymers made up of amino acids, joined by strong covalent peptide bonds, 
where the amino group of one molecule reacts with the carboxyl group of the other 
molecule in a condensation reaction resulting in the elimination of water. [42-44] as shown 
in Figure 1-6. 
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Figure 1-6 The formation of the peptide pond in proteins [43] 
 
All proteins contain carbon, hydrogen, nitrogen, and oxygen atoms. Most also contain 
sulfur and some of have additional elements, including phosphorous in milk proteins and 
iron in myoglobin, as prosthetic groups. [45] Proteins are very important in foods, playing 
important roles in the food texture and adding nutritional value. [46] 
 
1.2.1 Structure of amino acids 
Amino acids are the building blocks of proteins. In all species proteins are made up of the 
same set of 20 standard amino acids. All of these are comprised of a central carbon atom 
(α-carbon) and attached to it are a carboxyl group (COOH), an amino group (NH2), a 
hydrogen atom, and the side chain R which is specific to a particular amino acid [47, 48] 
as shown in Figure 1-7. 
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Figure 1-7 Amino acids structure [49] 
 
The properties of all the 20 amino acids depend on the nature of their side chain. The 
simplest amino acid is Glycine in which the R group is a hydrogen atom. [44, 46, 48] The 
nature of the side chain and the structure of the amino acids are shown in Figure 1-8. 
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Figure 1-8 The structure of the 20 commonly occurring amino acids. [50] 
 
The physicochemical properties of amino acids (polarity, acidity, basicity, aromaticity, 
bulkiness, conformational inflexibility, ability to form hydrogen bonds, ability to cross- link 
and chemical reactivity) are governed by the nature of their side chain. [47] Amino acids 
can be divided into four categories, according to the nature of their side chain. [46]  
 
1.2.2 Hydrophobic or nonpolar amino acids 
This group of amino acids contain nonpolar or hydrophobic (water “hating”) hydrocarbon 
side chains. Alanine is the simplest amino acid in this group, with a side chain consisting 
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of a methyl group (CH3). Leucine and valine also belong to this group of amino acids, both 
contain longer, branched hydrocarbon groups. In proline the side chain is conformationally 
rigid. It is an important member of the nonpolar amino acid group, containing a bulky-five 
membered ring which interrupts ordered protein structure. Also belonging to this group is 
the sulfur containing amino acid methonine. This group of amino acids are involved in 
hydrophobic interactions in proteins whereby they associate with each other to avoid 
association with water. [42, 44, 46, 48] 
 
1.2.3 Hydrophilic or polar amino acids 
The amino acids in this group contain hydrophilic polar side chains. One example of 
amino acids in this group is cysteine, with its highly reactive hydrophilic sulfur containing 
side chain (SH). All amino acids in this group can form hydrogen bonds in proteins. 
Cysteine is unique because it can form the strong covalent disulfide bond when it interacts 
with another cysteine residue. As a result, the presence of cysteine in a protein has a 
significant effect on protein conformation. [42, 44, 46, 48, 51] 
 
1.2.4 Negatively charged (acidic) amino acids 
The side-chains of the acidic amino acids aspartic acid and glutamic acid are negatively 
charged at neutral pH because they both contain an additional carboxyl group. When an 
acidic amino acid is contained within a protein structure, the extra carboxyl group is free 
and may be charged depending on the pH of the medium. [42, 44, 46, 47, 52] 
 
1.2.5 Positively charged (basic) amino acids 
The amino acids arginine, lysine, and histidine are positively charged at pH 7 because 
they contain an extra additional group. This amino group is free, does not participate in 
peptide bond formation and may be positively charged depending on the medium pH.  
Acidic amino acids and basic amino acids are involved in the formation of ionic 
interactions and salt bridges in proteins. [42, 44, 46, 47, 52] 
 
1.3 Protein structure  
A knowledge of protein structure is essential for understanding how the various proteins 
perform their function in food products. Experimental techniques for protein secondary 
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structure include X-ray crystallography, Nuclear magnetic resonance (NMR) spectroscopy 
and fourier transform infrared (FT-IR) spectroscopy. [53] 
Proteins composed of single polypeptide chain, are generally considered at three levels of 
structure, the primary structure, the secondary structure and the tertiary structure, while 
proteins containing two or more polypeptide chains, each chain is a subunit and there is a 
quaternary level of structure. [42, 54] These levels of protein structure are presented in 
Figure 1-9. 
 
1.3.1 Primary structure 
The primary structure of polypeptide chain of a protein is the order in which amino acids 
are joined together in a chain and that will also determine the potential location of any 
disulfide bonds. [48] 
 
1.3.2 Secondary structure 
Within the folded protein a few characteristic patterns occur frequently due to the 
interactions between the chemical groups in the amino acids: these shapes are referred to 
as protein secondary structure. The patterns occur repeatedly because they are stable 
and the common protein secondary structures include α helix β sheet and β turns. [48, 55, 
56] 
 
1.3.3 Tertiary structure 
Protein tertiary structure involves the folding and bending of the secondary structure. The 
final shape of a polypeptide is formed as a result of simple molecular forces set up by 
water- avoiding and water- attracting properties of the side chains. β sheet and α helix 
undergo twisting and folding until the hydrophobic groups are tucked to the inside of the 
polypeptide, away from water, and the hydrophilic groups remain exposed to the water. 
[42, 57] 
 
1.3.4 Quaternary structure 
Protein quaternary structure refers to the number and the arrangement of subunits that 
form a protein. Quaternary structure is an important protein attribute that is closely related 
to its function. [58] 
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Figure 1-9 Protein structure. [59] 
 
1.4 Forces stabilising protein structures 
Protein primary structure is maintained by covalent bonds, while secondary, tertiary and 
quaternary structures are stabilized principally by noncovalent bonds. In addition, any 
disulfide bonds that form may be considered as contributing to the secondary and the 
tertiary levels of structure.[54] The –SH ends of two cysteine R groups often form an –S-
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S- bond, a covalent disulfide bridge that typically brings distant parts of the chain together. 
[42, 51] 
 
1.4.1 Hydrogen bonding 
The properties of many substances suggest that, in addition to the normal chemical 
bonding between the atoms and ions, there exists some further interaction involving a 
hydrogen atom placed between two or more other groups of atoms. [60] Hydrogen 
bonding is a force of attraction between a hydrogen atom in one molecule and a small 
atom of high electro negativity in another molecule. It is an inter-molecular force rather 
than intera-molecular force. Hydrogen bonding plays an important role in the properties of 
water, protein and nucleic acids. [61] in the formation of the α-helix structure in proteins 
the hydrogen bonding causes the poly peptide to twist into a helical shape [62] as shown 
in Figure 1-10. 
 
 
Figure 1-10 Hydrogen bonding in α helix. [16] 
 
1.4.2 Hydrophobic interactions 
These interactions arise because of the thermodynamic incompatibility between the 
nonpolar side chains of amino acids and water.[63, 64] The presence of the hydrophobic 
groups in an aqueous solution prevents the water molecules from forming hydrogen 
bonds and they interfere with the organisation of the water molecules. [52] 
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1.4.3 Electrostatic interactions 
Among the various forces and interactions stabilising the tertiary and quaternary 
structures of proteins, electrostatic interaction is recognised as being as important as 
hydrophobic interactions in maintaining protein structure.[65] At neutral pH values, the 
side- chains of the acidic amino acids (aspartic and glutamic acids) will be negatively 
charged, while the side chain of the basic amino acids (lysine, arginine and histidine to 
some extent) will be positively charged. These groups may result in bonding between 
different portions of a given molecule or between two or more protein chains if 
appropriately positioned. [42, 52] 
 
1.4.4 Van der Waal’s forces 
Van der Waal’s forces are relatively weak forces that act over very short distances. They 
include both the attractive and repulsive components. The former involves interaction 
between induced dipoles formed by momentary fluctuation in the electron distribution in 
the nearby atoms. The later is when two atoms come so close that their electron orbitals 
overlap. The Van der Waals contact distance is that at which the attractive force is 
maximal and the repulsive force is minimal [48] as shown in Figure 1-11. 
 
 
Figure 1-11 Van der Waal’s forces. [49] 
 
1.5 Infrared spectroscopy 
The study of the interaction of infrared light with matter is referred to as infrared 
spectroscopy. The wave number range of mid infrared light in the electromagnetic 
spectrum is between 400cm-1-4000cm-1. [66] The nature of the radiation shown in Figure 
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1-13, has been interpreted by Maxwell’s classical theory of electro- and magneto- 
dynamics. Radiation is considered as two mutually perpendicular electric and magnetic 
fields oscillating in single planes at right angles to each other and these are in phase and 
being propagated as sine waves [67] as shown in Figure 1-12.  
 
 
 
 
Figure 1-12 The electromagnetic wave. [68] 
 
1.5.1 Interactions between molecules and light 
The molecular energy of a specific molecule is the sum of its electronic energy, vibrational 
energy and rotational energy. Electronic energy is caused by visible light and ultraviolet 
energy, while vibration energy is caused by infrared radiation. Rotational energy is a 
function of near-infrared energy.[69, 70] There are five possible effects of the interaction 
between radiation and molecules, ultraviolet high energetic radiation can cause ionization, 
while electron transitions are usually caused by visible light. The other three possible 
effects are scattering, emission and absorption. The last of these is the process by which 
the energy of a photon is taken up by matter and this process plays a key role in (IR) 
spectroscopy [71] as shown in Figure 1-14. 
The most unique physical property of a compound is its infrared absorption spectrum. No 
two compounds with different structures have the same IR spectra, with the exception of 
optical isomers. [72]  
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Figure 1-13 The electromagnetic spectrum. [73] 
 
 
 
 
 
 
 
Figure 1-14 The effects of interaction between the electromagnetic spectrum radiation and 
molecules. [74] 
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1.5.2 FT-IR Measurements 
The first step in producing an IR spectrum is to collect and store a reference interferogram 
with no sample in the sample cell. Then the sample is placed in the cell and a second 
interferogram is collected, the Fourier transformation is then applied to the two 
interferograms to compute the IR spectra of the reference and the sample. The ratio of the 
two spectra can then be computed to produce an IR spectrum of the sample. [67, 69, 72, 
75, 76] 
 
FT-IR measurement involves irradiating the sample with the whole range of IR 
frequencies; some of this irradiation will be absorbed by the sample if the radiant energy 
matches the energy of specific molecular vibrations and the remainder will be 
transmitted.[66, 71] The IR radiation in FT-IR measurement is guided by an optical device 
containing all the IR frequencies and this is referred to as an interferogram. In this the 
beam of light is divided into two different paths by a beam splitter, as described in Figure 
1-15. The beam splitter is designed to transmit half of the radiation to strike the fixed 
mirrors, and reflect the other half to strike the moving mirrors [76]. An optical path 
difference is introduced between the two beams by translating the moving mirrors away 
from the beam spliter. The two beams are recombined at the beam splitter, after reflecting 
off their respective mirrors. After their recombination, half of the light is returned to the 
source and the other half is passed through the sample and then to a detector. [69, 71, 
77-79] The resulting interferogram is then subjected to FT to produce the spectrum by 
changing the signal from the time domain to the frequency domain. [67, 69, 80, 81] 
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Figure 1-15 Schematic representation of an FT-IR spectrometer. [82] 
 
1.5.3 Molecular vibration 
The vibrational energy of a molecule is determined by the shape of the molecule, the 
masses of atoms and by the associated vibronic coupling.[71, 72] Each mass requires 
three coordinates to define its position, so for a molecule composed of N atoms there is 
3n degree of freedom for its motion, six of which are translational and rotational of the 
molecule itself. This leaves 3n-6 or 3n-5 degrees of vibrational freedom if the molecular is 
linear.[66, 71, 82] The different types of vibration mode are shown in Figure 1-16 and are 
given descriptive names including asymmetric stretch, symmetric stretch, bending, 
rocking, twisting and scissoring. [48, 71, 72] The actual vibration of structure is a 
combination of all of the vibrational modes. [79, 81, 83] 
 
For a vibrating molecule to absorb IR the molecular vibration has to cause a net change of 
the dipole moment of the molecule. Absorption strength depends on the size of 
deformation of the dipole moment due to vibration. [70, 77, 78, 84] A large deformation of 
the dipole moment results in strong absorption as in the case of C=O, while small 
deformation produces weak absorption as in the case of C-C. In addition, the strength of 
absorption increases with increasing polarity of the vibrating bond. [67, 72, 85, 86] 
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Figure 1-16 Stretching and bending vibrational bands in FT-IR spectrum adapted from. [87] 
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2 
2 Literature review: I. Wheat flour components and 
baking ingredients 
 
2.1 Wheat flour and its composition 
2.1.1 Introduction 
Cereal grains are important dietary sources of energy and a primary provider of proteins. 
[88, 89] Among the cereal grains, wheat is widely cultivated because of its relatively high 
protein, high carbohydrate, and mineral contents. [90, 91] Wheat is processed into a 
variety of different types of food products worldwide because of the unique viscoelastic 
properties of its dough.[92] The chemical composition of wheat greatly affects the end 
uses and the type of products which are made, as shown in Figure 2-1. Commercially 
three wheat species are grown Triticum aestivum (common wheat), T. durum (durum 
wheat) and T. compactum (club wheat). [91, 93] 
 
 
Figure 2-1 The relation between wheat hardness and protein content in relation to end uses 
[93] 
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Within Australia wheat is mainly used for human consumption, with bakers using 
approximately half of the domestic flour production. The other main group of users is the 
starch/gluten industry which uses about a quarter of the domestic flour production. [94] 
 
2.1.2 Composition of wheat  
Several factors govern the composition of wheat grains and result in variations from one 
area to another and from year to year. [95] Table 2-1 shows the ranges of major 
components in wheats grown in the U.S. The different layers of wheat kernel are shown in 
Figure 2-2 . The seed coat encloses the endosperm and the germ in the wheat kernel. 
The aleurone layer is rich in soluble protein and contains fat, enzymes, and minerals. 
Flour is essentially a product derived from the endosperm; its thin –walled cells are 
packed with starch granules embedded in a protein matrix. [91] 
 
 
 
Figure 2-2 Longitudinal section of a wheat kernel showing the different layers; 1. Pericarp, 2. 
Hypodermis, 3. Tube cells, 4. Seed coat, 5. Nucellar tissue, 6. Aleurone layer, 7. Outer 
starchy endosperm cells, 8. Inner starchy endosperm cells, 9. Germ, 10. Scutellum, from 
[91] 
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Table 2-1 Ranges for major components in U.S. wheat [95] 
 
Grain component Range % 
Protein (Nx5.7) 7.0-18.0 
Mineral matter (ash) 1.5-2.0 
Lipids (fat) 1.5-2.0 
Starch 60.0-68.0 
Cellulose (crude fibre) 2.0-2.5 
Moisture 8.0-18.0 
 
2.1.2.1 Starch 
Starch is the energy reserve carbohydrate of many plants. [96, 97] Like most foods, wheat 
contains starch as a macro-constituent, typically supplying 50-70% of the energy in the 
human diet. [98] 
 
Amylose and amylopectin are the two distinct constituents of starch; glucose is the 
monomer building block in both of the forms of starch molecules [99, 100] as shown in 
Figure 2-3. 
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Figure 2-3 α-(D) glucose 
 
Amylose is a linear polymer, consisting of α-(1,4)-linked D-glucopyranosyl units, its degree 
of polymerisation ranging from 500-6000 glucose units. [101] Figure 2-4 illustrates the 
linear structure of amylose. 
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Figure 2-4 Amylose structure where n indicates a relatively large number 
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Amylopectin is a branched glucose polymer typically with a molecular weight around 107, it 
contains chains of 20-25 glucose units connected via α-(1,4) glucosidic linkage in the 
linear regions and interlinked by α-(1,6) glucosidic linkage in the branched regions.[97] 
The structure of amylopectin is presented in Figure 2-5. 
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Figure 2-5 Amylopectin structure showing the α-(1,6) linkage at a branch point in the 
polymeric structure 
 
2.1.2.1.1 The ratio of amylose and amylopectin 
The end uses of many cereal starches and their gelatinisation, solubility, formation of 
resistant starch, gelation characteristics and physicochemical properties are influenced by 
the ratio of amylose to amylopectin. [102] In addition, the molecular weight of both 
amylose and amylopectin and the molecular fine structure affect the physicochemical 
characteristics of starch from a particular source. [103] Different starches contain different 
amount of amylose and amylopectin, but generally the typical levels are 25-28% amylose 
and 72-75% amylopectin. [101] The waxy varieties of some cereals including rice, maize 
and sorghum contain as much as 99% amylopectin. [97] 
 
2.1.2.1.2 Starch gelatinisation 
Starch undergoes irreversible changes when heated in the presence of water and the 
term gelatinisation is used to refer to these changes. [104] Gelatinisation is initiated with 
the swelling of the starch granular followed by an increase in the molecular mobility to an 
extent sufficient to disrupt the crystal structure within the starch granule, ultimately 
resulting in the formation of amorphous paste or gel upon cooling. [105] 
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2.1.2.1.3 Starch crystal and amorphous structure 
The structure of starch molecules within intact granules is described as semicrystalline 
and crystallisation occurs in two polymorphic forms, known as the A and B-type 
structures. [106] 
 
Wheat starch, like that from most cereal grains contains crystal structure type A which 
consists of starch double helices packed into a monoclinic array. [107] The B-type pattern 
is believed to involve double helices parallel-packed into hexagonal unit cells, and this is 
found in tuber starches. [106] Amylopectin is structurally highly organized, with regions 
having a high- frequency of branching alternating with others that are devoid of branches 
thereby enabling intervening linear chains to align in parallel arrays of double helices, [96] 
as shown in Figure 2-6. 
 
 
Figure 2-6 Amylopectin structure (a) glucosyl units connected via α-1,4 and α-1,6 glycoside 
linkages (b) the cluster model of amylopectin structure [96] 
 
2.1.2.1.4 Starch damage 
During the milling process whereby wheat is processed into flour, the action of the mill 
rollers causes physical damage to a relatively small proportion of the starch granules of 
the flour. This is significant in the subsequent utilisation of the flour because when the 
crystallites are disrupted, the starch granules can swell in water at room temperature. [93] 
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The milling of hard grained wheat varieties produces a higher level of starch damage than 
is found for softer varieties of wheat. 
 
The levels of starch damage in wheat flour can be assessed by two different approaches. 
The first is the measurement of the susceptibility of a sample of the flour to amylolysis, the 
second is the extractability of starch measured as the amylose content of a cold aqueous 
extract of the flour. [108] 
 
2.1.2.2 Protein 
Wheat flour protein is unique among the proteins of both cereal grains, as well as other 
food ingredients, in its ability to form dough with viscoelastic properties, suitable for 
processing of many appealing food products including breads, biscuit and pasta products. 
[90]  
Gluten is the term used to describe the matrix which forms during dough development and 
this largely consists of the wheat seed storage prolamins. The first scientific reports on the 
fractionation of wheat protein were provided by Osborne, who carried out experiments by 
extracting flour with salt solution. By this approach gluten can be separated from starch. 
[109] The prolamin components are the major storage proteins in wheat endosperm. [110] 
In addition to the proteins which account for 80-90%, gluten also contains 3.5-6.8% lipids, 
0.5-0.9 minerals, and 7.0- 16% carbohydrates. [111] 
 
The wheat prolamins consist of the glutenins which are polymeric and the monomeric 
gliadins. [112] The gliadin molecules are soluble in aqueous alcohols while glutenin is not 
soluble, because it is a disulfide-stabilised polymer. The reduction of the disulfide bonds in 
glutenin molecular allow the separation of high molecular weight glutenin (HMW) and low 
molecular weight glutenin (LMW) components. [113] The disulfide cross-links play a highly 
significant role in the physico-chemical and functional properties of wheat gluten. [92] 
Figure 2-7 demonstrates the role of the disulfide linkage in gluten components. [114] 
Figure 2-8 shows the formation of the disulfide bond during dough mixing. [29, 91] 
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Figure 2-7 Schematic depiction of gluten components [114]. Note the clockwise 
presentation of the diagram (A) gliadin; (B) HMW glutenin sub unit showing action of β 
spirals as molecular spring; (C) HMW glutenin sub unit showing the action of the disulfide 
in preventing the extension of β spirals; (D) LMW glutenin sub unit. 
 
The monomeric gliadins are classified into four groups based on the molecular mobility 
during gel electrophoresis under conditions of low pH and these are commonly referred to 
as α-, β-, γ- and ω- gliadins in order of decreasing mobility. [115] In this context, the 
baking potential of wheat flour depends largely on the protein quality and quantity. [116] 
Gliadin confers viscous properties on gluten, while glutenin is responsible for the strength 
and elasticity of the gluten network. This is necessary for the gas retention capacity of the 
dough. [109, 111, 117, 118] The composition of glutenin fractions and the ratio of glutenin 
to gliadin are the primary determinants of the viscoelastic properties of wheat gluten and 
therefore, also of the bread making quality of a flour. [111, 113, 117] 
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Figure 2-8 The effects of formation of disulfide bonds between glutenin and gliadin during 
the dough mixing [29] 
 
2.1.2.3 Lipids 
Lipids represent a relatively small proportion of wheat flour accounting for approximately 
2.5%, with many different components making up this group of relatively hydrophobic 
molecules. The non polar lipids (triacylglycerols, diacylglycerols, free fatty acids and sterol 
esters) comprise about 1% and the main polar lipids being phospholipids (0.9%) and 
galactosyl glycerides (0.6%). [114] During the baking process lipids interact with other 
flour components especially proteins and these interactions have a significant influence on 
the bread making quality of flour. [119] Polar lipids, the acylglycerols are known to have 
an impact on enhancing loaf volume, while phospholipids can only contribute to improved 
bread volume in the presence of added shortening. [119, 120] 
 
2.1.2.4 Non-starch polysaccharides 
Non-starch polysaccharides are plant polymers which cannot be hydrolysed by 
mammalian α-amylases. They typically contain combinations of various hexoses and 
pentoses particularly including arabinose, xylose, mannose, glucose and galactose as the 
principal constituent sugars. [121] Non-starch polysaccharides in wheat flour are 
considered to be minor components accounting, in total for only 2.0-2.5% of flour. [114] 
Arabinoxylan (AX) is the principal non-starch polysaccharide in wheat flour and it is known 
to have very high water binding capacity. [122, 123] Depending on their water 
extractability, non-starch polysaccharides can be divided into water extractable 
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pentosans, (WEP) which generally account for 25% of all pentosan and those that are not 
extractable using water (the remaining 75%). [123, 124] Water soluble pentosans, (W-SP) 
are believed to have an impact on bread volume, crumb texture and bread staling. [123, 
125, 126] Figure 2-9 shows the effect of different AX fractions on bread volume. [101] 
 
 
 
 
Figure 2-9 The effect of different AX fractions on bread volume [101] Note that the 
abbreviations used here are: 1. WU-AX water unextractable arabinoxylan 2. S-AX soluble 
arabinoxylan 3. WE-AX water extractable arabinoxylan.  
 
AX-bound ferulic acid is a component of WEP, and it is reported to be involved in the 
direct effect of WEP on gluten formation and in the lower extensibility of dough and gluten. 
[123, 127] The free radical generating oxidant causes AX to undergo oxidative gelation 
through the dimerisation of esterified ferulic acid [114, 126] as shown in Figure 2-10. 
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Figure 2-10 The oxidative cross linking of ferulic acid in pentosan [114] 
 
2.1.2.5 Ash 
Generally the overall ash content of wheat grains is in the range of 1.5-2.0%. Ash 
components in the wheat kernel are distributed unevenly; the bran contains 6% while in 
the level in the endosperm is much lower, typically 0.4%. [128] These ash contents can 
vary depending on grain hardness, environmental conditions and the variety of the wheat. 
[129] The presence of elevated levels of ash in wheat flour indicates contamination of the 
flour with bran particles, which have detrimental effect on the baking potential of a 
flour.[93] 
 
2.2 Baking ingredients 
Bread is considered to be a very important staple food in western countries. [130] 
Depending on the type of the bread, the process used, flour type and end product 
specification, different additives and ingredients can be incorporated into the bread 
formula, in order to enhance the eating quality and appeal of the product or to improve the 
keeping quality of bread. [130, 131] The chemical composition of the flour and the quality 
and the quantity of ingredients used are of great importance for the characteristics of the 
baked bread. [132] There are three main stages in bread-baking processes and these are 
dough mixing, fermentation and baking. [133] 
 
2.2.1 Yeast 
Saccharomyces cerevisiae or bakers yeast is widely used in the production of different 
types of bread as well as other food products. The main function of incorporating yeast 
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into a bread formula is to generate gas during the fermentation process as a part of the 
metabolic activity of yeast. [95] For this, yeast utilizes sugars which may be either added 
directly to the dough formula or be produced by the action of amylases during 
fermentation, to produce ethanol and carbon dioxide according to the equation below. [93, 
95] 
C6H12O6 → 2 C2H5OH + 2 CO2 
 
The types of yeast used in bread making can be classified into two classes based on their 
stability and the way they are processed. These are the fresh forms of yeast, which can 
be compressed, crumbled or cream types, and the second class are the dry forms and 
these may be instant or active dry yeast. [95, 134] 
 
The selective permeability property of the yeast cell wall plays an important role in 
regulating the transportation of the required nutrients from the dough medium into the cell 
and these include sugars, amino acids, as well as other nutrients. Additionally, the cell 
wall contributes through the release of the metabolic by-products including carbon dioxide 
and alcohol from the cell into the dough medium. [135] The different parts of the yeast cell 
are illustrated in Figure 2-11. 
 
 
 
 
Figure 2-11 The yeast cell. [135] 
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2.2.2 Salt 
In addition to its contribution to the taste of bread, salt serves so many other functions in 
the bread making process. It tightens the gluten network structure resulting in stronger 
dough and this is then better able to retain the gas produced by the yeast. Also its 
strength effect on the dough could be due to the inhibitory action on proteases.[54] Some 
salts favour the hydrolytic action of amylases on starch, thereby contributing to the 
maintenance of a continuous supply of simple sugars in the form of maltose for yeast 
growth. [136] Salt probably also regulates yeast activity during the fermentation by 
competing with yeast for water, resulting in moderate expansion of the dough without 
rupturing the gluten network. [54, 136] 
 
2.2.3 Shortening 
The term shortening is usually used in the baking industry to describe fats, oils, their 
derivatives as well as blends of these [136, 137] The functional significance of native 
wheat flour lipids and of added lipids as shortening during bread making has been 
comprehensively investigated. [138] They are used in the baking process to enhance 
bread volume and crumb softness, as illustrated in Figure 2-12. [136, 137] Shortening 
lubricates the gluten strands, preventing these from sticking to each other and by doing so 
the gluten strands are shortened. [57]  
 
 
 
Figure 2-12 Effect of different levels of fat incorporation on bread volume [135] 
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2.2.4 Bread improver 
The term improver is widely used in the baking industry, and it refers to a group of 
ingredients that in some way contribute by enhancing the baking performance, sensory 
attributes and storage stability of bread. [139] Bread improvers include enzymes, 
emulsifiers, oxidizing agents, reducing agents, nutrients for yeast growth as well as other 
ingredients. However, a minimally processed high quality food with few or no additives is 
the preference of most modern consumers. [139, 140] 
 
2.2.4.1 Enzymes  
Enzymes are proteins possessing a powerful catalytic activity. They are synthesized by 
biological cells to catalyse chemical reactions related to the metabolic requirements of the 
cell and the organism. [141] Their properties are important to food chemists since they are 
available in increasing number both for use as specific tools and reagents in food analysis 
[142] and also for incorporation into food formulations and use in industrial food 
processing. [143-147] 
 
2.2.4.1.1 Enzyme specificity 
One of the significant attributes of enzymes is that most are highly specific for a particular 
reaction. Most enzymes specifically bind to only one or a very limited number of the 
substrates during activated so that, among the several thermodynamically permissible 
reactions, only one can specifically occurs. [143] The catalytic activity of an individual 
enzyme is due to its particular protein structure. A specific chemical reaction is catalysed 
at an area representing a relatively small portion of the surface of an enzyme and this is 
called the active site. There is chemical and physical interaction occurring at this site to 
catalyse a particular chemical reaction that certain enzyme. [141, 145, 148, 149] 
 
2.2.4.1.2 Nomenclature of enzymes 
The nomenclature committee of the International Union of Biochemistry and Molecular 
Biology (IUBMB) has developed a system in which all enzymes are classified into six 
major groups, based on the nature of the chemical reaction catalysed. [141, 143, 145, 
149] 
1. Oxidoreductases 
1.1 Acting on =CH-OH group of substrates 
1.1.1Requires NAD+ or NADP+ as hydrogen acceptor 
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1.1.1.1 Specific substrate is ethyl alcohol 
2. Transferases  
2.1 Transfer of methyl groups  
2.2 Transfer of glycosyl groups 
3. Hydrolases  
4. Lyases (cleave C-C, C-O, C-N, and other groups by elimination, leaving double 
bonds, or conversely adding groups to double bonds). 
5. Isomerases (involved in the catalysis of isomerisation reactions within one 
molecule). 
6. Ligases (involved in the biosynthesis of a compound with the simultaneous 
hydrolysis of the pyrophosphate bond in ATP or a similar triphosphate. [141, 143, 
145-148] 
 
2.2.4.1.3 Enzymes in baking 
Enzymes have a very central role in the baking industry, with many composite bread 
improver formulations containing a number of ingredients which are sources of enzymes. 
Among the enzymes used most widely in the baking process are amylases, proteases, 
lipoxygenase and hemicellulases [140, 144] as shown in Table 2-2. 
 
2.2.4.1.4 Amylases 
Amylases are routinely incorporated into the formulations of breads of many styles 
including both loaf products as well as many of the flat breads popular in the Middle East. 
Their functionality depends primarily on their specificity as shown in Figure 2-13, as well 
as the degradation products and their thermostability. [101] α-Amylases are categorised 
as endoglucanases on the basis that they hydrolyse internal α-1,4 or α-1,6 linkages by 
random attack. On the other hand, β-amylases and glucoamylases are exoglucanases 
because they act by attacking only those linkages occurring at the end of a chain of 
monosaccharide units, specifically from the non reducing end. [144, 150, 151] 
 
The functions of α-amylases include their action as anti firming agents because it is has 
been shown that some bacterial α-amylases decrease the rate of bread firming. [152] Also 
it has been reported that barley malt α-amylase increases the rate of bread firming while 
fungal α-amylase decreases the initial firmness of bread. [153] Different mechanisms for 
the role of different α-amylases as antifirming agents were proposed; these reflect either 
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the effect of released dextrins or the modified residual starch, impacting the rheological 
properties of the dough and subsequently starch retrogradation. [144, 154] 
 
Table 2-2 The main enzymes used in cereal grain processing, their reactions, and their 
substrates [144] 
 
Class of enzyme Substrate(s) Reaction catalysed 
Amylolytic enzymes Starch  Hydrolysis  
α-Amylase EC 3.2.1.1 Amylose and amylopectin  α(1→4) D-glucosidic linkage 
endo mode of action 
β-Amylase EC 3.2.1.2 Amylase and amylopectin α(1→4) D-glucosidic linkage 
exo mode of action 
Glucoamylase EC 3.2.1.3  Amylase and amylopectin α(1→4) and α(1→6) D-
glucosidic linkage  
Pullulanase EC 3.2.1.41 Amylopectin  α(1→6) D-glucosidic linkage 
Cellulases & hemicellulases  Cellulose, β-glucan & 
pentosans 
Hydrolysis  
Cellulase EC 3.2.1.4 Cellulose & β-glucan β(1→4) glucosidic linkage 
Laminarinase EC 3.2.1.6 β-glucan β (1→4) and β (1→3) D-
glucosidic linkage 
Lichenase EC 3.2.1.73 β-glucan β(1→4) D-glucosidic linkage 
Endo 1,4- β-D-Xylanase 
EC 3.2.1.8 
Arabinoxylan β(1→4) D-Xylosidic linkage 
Ferulic acid esterase 
EC 3.1.1.1 
Arabinoxylan containing 
ferulic acid groups  
Ester bonds to liberate 
ferulic acid 
Proteases  Protein Hydrolysis of peptide bonds 
Lipases and esterases  Lipids and phospholipids  Hydrolysis of ester bonds  
Lipase EC 3.1.1.3 Triacylglycerol Liberation of free fatty acids  
Lysophospholipase  
EC 3.1.1.5 
lysophospholipids Liberation of carboxylic 
acids 
6-phytase EC 3.1.3.26 
3-phytase EC 3.1.3.8 
Phytate Liberation of phosphate 
group 
Oxidases  Various substrates  Oxidoreduction with oxygen 
as electron acceptor  
Lipoxygenase 
EC 1.13.11.12 
Poly unsaturated fatty acids Oxidation of fatty acids 
Glucose oxidase EC 1.1.3.4 Glucose  Oxidation of glucose to 
produce hydrogen peroxide 
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Figure 2-13 The action of different types of amylolytic enzymes on amylopectin polymer [31] 
 
2.2.4.1.5 Proteases  
Wheat proteases belong to the papain type of enzymes which are activated in the 
presence of compounds that reduce the disulfide bonds. While native proteases have little 
effect on bread quality, gluten degrading proteolytic enzymes have been found to have a 
drastic effect on bread quality. [140] 
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2.2.4.1.6 Hemicellulases 
Hemicelluloses are widely distributed heteropolysaccharides, and there is a diverse group 
of enzymes that are involved in their degradation. One example is the xylanases and 
these are increasingly used in the baking industry to enhance dough quality and facilitate 
the increase in dough volume required to achieve the optimal bread volume. [155] It has 
also been reported that, on the other hand, the group of enzymes active on the pentosans 
and known as the pentosanases, have an anti-staling effect on baked products. [140] 
 
2.2.4.2 Emulsifiers  
Emulsifiers are a group of compounds belonging to the surface- active agents or 
surfactants class of molecules. They are fatty substances possessing both lipophilic and 
hydrophilic properties. [137] This involves the unique property of being able to suspend 
two substances that normally do not dissolve in each other, and in food systems this 
typically includes water and an oil. [136] Depending on their function in the baking 
process, emulsifiers can be further classified: crumb softeners including α-
monoacylglycerols with a level of addition of approximately 0.5%, and the dough 
strengtheners particularly diacetyl tartaric acid esters of monodiglycerides (DATEM), 
Calcium stearoyl-2-actylate (CSL), and sodium stearoyl-2-lactylate (SSL). The last of 
these serves both functions in bread making. [93, 136, 137] In addition, the swelling of 
wheat starch granules during gelatinisation has been reported to be delayed in the 
presence of certain emulsifiers. [156, 157] The mechanism by which emulsifiers retard 
staling is based on their formation of a complex with amylose. Due to their differing 
abilities to form complexes with amylose, their contribution to retardation of staling also 
varies. [158] 
 
The incorporation of emulsifiers into bread formulations can be used as a means to 
reduce the caloric value of bread by replacing some of the harder shortening materials 
with lower calorie emulsifiers. [159]  
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3 
3 Literature review: II. Fourier transform infra-red analysis 
 
3.1 FT-IR of protein secondary structure 
3.1.1 FT-IR and protein analysis 
FT-IR is one of the earliest experimental methods applied to the evaluation of the 
secondary structure of polypeptides and proteins. [160-162] Typically FT-IR spectroscopy 
involves varying the wavelength and monitoring the extent to which the IR radiation is 
absorbed by a sample. [163] Attenuated Total Reflectance (ATR) FT-IR is a type of 
internal reflection spectroscopy in which the sample is placed in contact with an internal 
reflection element (IRE) of high refractive index. Infrared radiation is focussed onto the 
edge of the IRE, reflected through the IRE, and then directed to a suitable detector.[164, 
165] One of the advantages of using ATR/FT-IR in protein structural analysis is that the 
analysis can be performed on samples having a variety of forms. These may be solids, 
including powders, [166-168] or may also involve the use of KBr discs, as well as aqueous 
solutions, [160, 169, 170] organic solvents [171] and phospholipid membranes. [172, 173] 
The different analytical techniques are illustrated in Figure 3-1 and Figure 3-2. 
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Figure 3-1 The ATR accessory used for aqueous solutions 
 
 
 
Figure 3-2 The accessory arrangement used for presentation of dry samples in the form of a 
KBr disc 
 
One of the challenges encountered in using ATR/FT-IR for the structural analysis of 
proteins is that one of the absorption bands of water molecules is in the specific region of 
interest, which is referred to as the amide I region. Two techniques have been applied to 
solve this problem: the first is based on the use of deuterium water as solvent rather than 
water. [174] The second option is to use short path lengths and digital subtraction 
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routines. A further potential problem of ATR/FT-IR is that each particular protein is 
composed of a specific combination or proportion of the commonly occurring secondary 
structures. [175] 
In recent years many factors have contributed to the revitalisation of ATR/FT-IR in protein 
analysis. In particular, the availability of fast computers has led to FT- processors able to 
rapidly compute Fourier- transforms, and further having the capability to carry out detailed 
normal mode analysis treatments on model biopolymers.[176] The use of stable and 
powerful lasers has led to the development of the Fourier transform (FT) method for IR 
data acquisition and reliable digital subtraction. [163] The development of methods for 
processing the recorded spectrum to resolve overlapping bands has also contributed to 
the renewed interest in the application of ATR/FT-IR in protein analysis. Examples of 
these methods are Fourier deconvolution, the use of second derivatives as well as band 
fitting algorithms. [177] 
 
Common features of the IR spectra of proteins are the so-called amide bands, which arise 
from delocalised vibrations of the peptide linkage. [178] Elliot and Ambrose [161] were the 
first to demonstrate the existence of empirical correlations between the amide I and amide 
II bands of polypeptides and their conformation. [179] 
 
Very little of the work in this field has specifically been done on wheat flour doughs for the 
quantification or examination of the protein secondary structure. Accordingly there is 
relatively little literature available. The importance of the current study has been to explore 
changes in protein secondary structure brought about by the addition of baking 
ingredients, to establish methods for quantifying protein secondary structure, and also to 
investigate the relationship between the dough strength and a specific type or component 
of protein secondary structure. The current lack of published work related to each of these 
important scientific problems have formed the basis for the research reported in this 
thesis. 
 
3.1.2 ATR/FT-IR of proteins 
A considerable amount of experimental and theoretical research has been done on the IR 
spectra of proteins and polypeptides [179-186] and this will be reviewed briefly here. 
3.1.2.1 ATR/FT- IR of protein secondary structure in different environments  
Byler and Susi [160] obtained the spectra of 21 globular proteins in deuterium oxide 
solution. They reported that after applying Fourier self-deconvolution the amide I band of 
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each protein consists of six to nine components which are helical segments, extended β-
segments, unordered segments and turns. Protein secondary structure in aqueous 
solutions was studied by Dousseau and Pezolet [179] They reported the spectra of 13 
proteins of known crystal structure and a comparison of the classical and partial least-
squares methods was included. 
Protein secondary structures in water were studied by Dong and co-workers. [184] Twelve 
globular proteins from a variety of sources were selected as having different combinations 
of protein secondary structure. The spectra were recorded for these proteins in aqueous 
solution at 20 ºC and it was reported that band frequency assignments for α-helix, β-
sheet, unordered, and turn structures were highly consistent among all of the proteins 
studied. 
3.1.2.2 Secondary structure of proteins with parallel β-chains 
The secondary structure of proteins having parallel β-chains were reported by Susi and 
Byler. [180] The characteristic absorption bands for the parallel β-segments are observed 
at 1626-1639 cm-1 (strong) and around 1675 cm-1 (weak). 
3.1.2.3 Secondary structure of denatured protein 
Purcell and Susi [183] investigated the conformational changes induced by denaturation 
and reported that in the denatured form there is structure similar but not identical to, the β-
structure of native proteins. This structure is characterised by absorption bands around 
1615-1618 cm-1 and 1684-1688 cm-1. Protein secondary structure changes by low-energy 
ion irradiation are reported by Cui and co-workers. [186] They found that irradiation 
decreased the proportion of α-helix and β-turn and increased random coil and β-sheet 
structures. 
 
3.1.3 ATR/FT-IR of wheat flour dough systems 
Changes in secondary protein structure during mixing and development of high absorption 
(90%) flour and water mixtures have also been examined. [187] The wheat flour dough 
was evaluated at various mixing times. When amide I band was deconvoluted, peaks 
representing those for known secondary structural features of proteins were revealed. The 
peak assignments included α-helix, β-turn, β-strand and β-sheet. 
3.1.3.1 ATR/FT-IR of wheat flour dough 
Popineau et al. [188] studied the conformations of gluten proteins selected as having 
differing gliadin and glutenin compositions. They studied both the conformation of whole 
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gluten and the subsequent fractionated preparations; in addition two different 
environments were used with one in solution the second was the dough mass. The results 
demonstrated that in the hydrated viscoelastic state, the β-sheet content, especially that of 
intermolecular β-sheet conformation, of gluten proteins was higher than that observed in 
solution. They also found that in viscoelastic gluten fractions, the proportion of 
intermolecular β-sheet increased as the glutenin content increased. Their band 
assignment was slightly different than that used by some other workers [187] in that their 
assignment included only intermolecular β-sheet, intramolecular β-sheet, α-helix, β-turn. 
The effect of some additives on wheat gluten solubility was investigated by Mathlouthi 
[189] using a structural approach. The additives they used were potassium chloride, 
sodium chloride and cysteine in combination with partially hydrolysed gluten. The addition 
of potassium chloride and cysteine increased the band associated with the OH stretching 
mode of water at around 2800-3800 cm-1 and the intensity of this band was correlated with 
the amount of water absorbed by the protein polymer. [190] The area of the OH stretching 
band was shown to be proportional to the sample water content [166, 177, 190, 191] 
confirming the correlation previously observed by Rueegg. [192] The band assignments 
for amide I were intermolecular β-sheet, intramolecular β-sheet, α-helix, β-turn, and 
antiparallel β-sheet. These assignments are in broad agreement with most of the research 
reported in this field. [193]  
 
Dough optimum mixing time was studied by Seabourn and others [194] who plotted the 
mixing time against the second derivative band area ratio of the peak 1336 cm-1 / 1242 
cm-1. The peaks are amide 111 peaks and the peak assignments were: 1336 cm-1 for α-
helix and 1242 cm-1 for β-sheet. Samples with short mixing times tended to develop β-
sheet faster than those with long mixing time. This indicates that the protein network in a 
dough system is dependent on the formation of specific secondary structures including the 
β-sheet structure. 
 
3.1.4 ATR/FT-IR of purified wheat flour gluten 
The effects of temperature and water content on the secondary structure of wheat gluten 
were investigated by Georget and co-workers. [195] For the study, gluten samples were 
conditioned at water content levels of 0%, 13 %, 47%. Over a temperature range of 25-85 
ºC it was found that in the 0% hydrated sample heating the material did not affect the 
conformation of the protein secondary structure. On the other hand, at 13% hydration the 
band assigned to intra-molecular β-sheet at around 1630 cm-1 was shifted to a lower 
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frequency and became deeper compared to the band at 1613 cm-1 which is due to inter-
molecular β-sheet. At 47% hydration both peaks were replaced by one broad peak 
centred at 1620 cm-1. 
3.1.5 Protein secondary structure of glutenin 
The hydration of the glutenin fraction having high molecular subunits was studied by 
Belton. [196] It was reported that increasing hydration affects the conformation of the 
protein secondary structure in favour of a more extended structure of the β-sheet-type. 
The presence of the disulfide bonds was found to enhance the formation of β-sheet. In 
addition, the elasticity of high molecular subunits was influenced by the balance between 
the interactions involving protein-protein and protein-water hydrogen bonding. 
 
3.1.6 Protein secondary structure of gliadins 
 
The interactions between gliadins and dextrins and their effect on protein secondary 
structure were investigated by Secundo and Guerrieri. [197] It was reported that gliadin 
secondary structure changes upon heat treatment both in the presence and absence of 
dextrin. The changes are reflected as a decrease of the band at 1651 cm-1 and 
corresponding increases of the bands at 1628 cm-1 and 1690 cm-1. The results also 
indicated the formation of hydrogen bonds between gliadin and dextrin molecules. 
 
3.2 ATR/FT-IR studies of the enzymatic degradation of starch 
3.2.1 Hydrolysis of starch by amylases 
Starch is a major storage product of many economically important crops including wheat, 
rice, maize, tapioca, and potato.[198] The main two constituents of starch are amylose 
and amylopectin, with amylose having a linear structure while amylopectin is branched. 
Both amylose and amylopectin consist of α(1-4) linked glucose units in the linear regions, 
amylopectin also containing α-1-6 links at the branch points. [199] Carbohydrates owe 
some of their functionality to such structural features as glycosidic bonds and hydrogen 
bonding.[200] α-Amylase (α-1,4-glucan 4-glucanohydrolase, E.C.3.2.1.1) cleaves α-1,4-
glycosidic links at random in an endo mode yielding shorter fragments. [201] 
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On a global basis, the starch industry uses about 30% of the enzymes produced on a 
commercial scale. The application of these amylases include the conversion of starch to 
glucose syrups and in the liquefaction process to produce dextrins. [202] 
 
3.2.2 ATR/FT-IR of carbohydrates 
The region of 1300-900 cm-1, (C-C and C-O) in the IR spectrum is sensitive to the 
conformation of carbohydrates. [199] In addition, the region referred to as the anomeric 
region at 950-750 cm-1 is frequently used in carbohydrates analysis. This is applied in 
order to distinguish bands characteristic for α and β conformers corresponding to the 
vibrations for both monosaccharides and carbohydrates having higher degrees of 
polymerisation. [203] 
 
3.2.3 ATR/FT-IR of oligosaccharides and polysaccharides 
The effect of mass concentration on the structure of oligosaccharides and their constituent 
monosaccharides has been studied by Mathlouthi.and co-workers. [200] A series of 
oligosaccharides were employed in which the position of the glycosidic bond differed. In 
order to distinguish between the oligosaccharides and their monomers time dependent 
spectral measurements were undertaken during acid hydrolysis of some of the 
oligosaccharides. It was concluded that the bands most affected are those situated in the 
region 993-966 cm-1 which is due to the stretching of the C-O linkages within the C-O-C 
structure which is the glycosidic linkage. These researchers achieved the tentative 
assignment of a very large number of the observed IR bands. 
 
The glycosidic linkage in oligosaccharides has also been investigated by Sekkal et al. 
[204] who studied eight oligosaccharides, the results of this study provided confirmation of 
the assignments of Mathlouthi. [200] In a further study in this field, the influence of 
hydration of food additive polysaccharides has been reported [205] indicating that it is 
possible to distinguish sugars and polysaccharides by ATR/FT-IR with no apparent loss of 
information in hydrated samples. 
 
3.2.4 The use of ATR/FT-IR in the study of starch structure 
Starch granules exhibit a crystalline-amorphous structure to varying extents. [206] In the 
native form of starch, amylose and amylopectin molecules are organised in granules as 
alternating semi-crystalline and amorphous layers that form growth rings. [207]  
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Several researchers have used ATR/FT-IR in structural analysis of starch. [206, 208-215] 
In a study of the short range structure by van Soest [215] the IR spectrum in the 1300-800 
cm-1 region was utilised corresponding with C-C and C-O stretching modes of vibration. It 
was reported that the peak at 1047 cm-1 is characteristic of crystalline starch and the peak 
at 1022 cm-1 is characteristic of amorphous material. Additionally, the peak at 994 cm-1, 
which is related to intramolecular hydrogen bonding of the hydroxyl group at C-6 was 
reported to be sensitive to the level of water present. 
 
ATR/FT-IR was also used to study the organisation of the external region of the starch 
granule by Sevenou. [206] For this study, different types of native starches were used and 
compared to acid hydrolysed and gelatinsed starch, however,  ATR/FT-IR was not able to 
differentiate between A-and B-type crystallinity. The results showed that starches from 
potato and amylomaize were more ordered on their outer regions, which explains their 
greater resistance to enzymatic hydrolysis.  
 
FT-IR has also been used to study the granular structure of resistant starches having the 
type 4 characteristics. [213].For this, starches including normal, high amylose as well as 
waxy corn starch citrate were investigated. The intensity ratio of 1016 cm-1 /1045 cm-1 was 
used to estimate the ratio of amorphous to crystalline phase in the starch citrate. These 
are the same two peaks used by van Soest to characterise the amorphous and crystal 
structure with a shift in the band position. 
3.2.5 ATR/FT-IR of starch gels 
Gelation of starch starts with the penetration of water into the amorphous part of starch 
causing the granule to swell. [207, 216]The endothermic water uptake changes the crystal 
structure to that of a gel with the temperature depending upon the type of starch and its 
source. [201] This is illustrated in Figure 3-3. 
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Figure 3-3 Starch gelatinisation process [207] 
 
From the results of a study on the pressure- induced gelation of selected starches, 
Rubens and co-workers [216] proposed a two step mechanism. First the hydration of the 
amorphous regions leads to the swelling of the granule and distortion of the crystalline 
regions which leads to the destruction of the granular structure. In the second step the 
crystalline regions become more accessible for water. They reported that, during gelation, 
increasing the pressure results in an increase in the relative proportion of the amorphous 
compared to the crystalline structure. 
 
Wheat starch gels were investigated by Wilson and Belton. [217] They monitored the 
behaviour of starch gels over a period of 21 days following gelatinisation. During the 
storage of a wheat starch gel in a sealed cell, no changes were observed, but when the 
samples were exposed to an environment of gradual drying, the peak representing the 
starch having crystalline structure increased until it returned to its original intensity. It has 
also been shown that the kinetics of starch retrogradation can be monitored by following 
the changes of the peak at 1046 cm-1. [217] 
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Goodfellow [199] investigated the gelation and retrogradation in amylose and amylopectin 
and found that they show a fast initial change, amylopectin also showed a second slower 
change over a time scale of approximately 400 hours. The fast changes in amylose can 
be summarised into the increase in intensity of the band at 1053 cm-1, while in 
amylopectin the increase in the intensity of the band at 1053 cm-1 is much greater. The 
band at 1053 cm-1 is correlated with starch recrystallisation and retogradation. 
 
In a study of the retrogradation and physical ageing of model starch systems Smits and co-
workers [218] distinguished between the physical aging which takes place below the glass 
transition of starch and retrogradation which takes place above the glass transition of 
starch. The changes reflected changes in the ratios of the peak intensities at 1047 cm-1 
(crystal) and 1022 cm-1 (amorphous) during storage, as described in Figure 3-4. 
 
 
 
Figure 3-4 The stages in the process of starch retrogradation [219] 
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Summary of significance of project and statement of aims 
 
This investigation has been developed on the basis of the following: 
• Wheat is a major crop and food source internationally; 
• In the processing of wheat, milling is generally involved and the resultant meal 
(flour) is mixed with water to form a dough; 
• In the commercial utilisation of wheat quality control is required in order to ensure 
that the flour being produced is suited to the processing parameters selected or 
available so that the quality of the resultant foods meets the expectation of 
consumers; 
• Among the specific measurements required so that quality can be readily measured 
and thereby controlled, the incorporation of enzymes and the use of food additive 
ingredients are ways in which processing can be manipulated for enhancement of 
quality; 
• The use of flour also relies upon the extent to which starch is mechanically damaged 
and the susceptibility to enzymatic hydrolysis as well as retrogradation; 
• One of the current constraints is the availability of rapid, reliable analytical 
procedures that allow for the rapid analysis of relevant parameters during milling 
and flour processing, in particular the lack of non-destructive techniques is a 
limitation upon the implementation of reliable quality control approaches at a 
commercial level; 
• At a research level there remains a need to access techniques which facilitate the 
evaluation of protein structure during dough development; 
• Whilst infra-red reflectance and transmittance technology has been adopted at a 
variety of points within research and industrial situations for grain processing and 
utilisation, much remains to be elucidated in these areas; and 
• One recent technological development involves the use of new generations of infra-
red instrumentation. In conjunction with deconvolution software there is considerable 
scope for rapid developments in these areas with strong implications for our 
understanding of grain processing as well as potential for practical application. 
It is within this context that the following aims have been developed for this investigation. 
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Statement of hypothesis and aims 
 
The hypothesis of this project has been that the use of deconvolution software and infra-
red spectroscopy will allow the monitoring of a range of processing and chemical changes 
in wheat flour doughs. 
 
The primary aim of the project has been to evaluate this hypothesis and the specifc 
objectives included: 
 
1. To study the use of the current generation of instrumentation and software as a tool 
for monitoring changes during the stages of bread making; 
2. To apply the techniques to a study of the influence of enzymes, oxidants and 
reductants during dough development and breadmaking; 
3. To evaluate the changes occurring in the secondary a structure of the protein 
components of dough; and  
4. To assess the influences of the enzyme α- amylase on starch properties and staling 
of the resultant baked products from bread making. 
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4 
4 Material and Methods 
4.1 Materials 
4.1.1 Wheat flour 
Wheat flour was obtained from Manildra Group Australia, from milling of Australian hard 
wheat varieties, suitable for bread making. The flour properties were: Protein 11.8 %, 
Moisture 13.3%, Water Absorption 66.0 %, Extensograph Height 45 Minutes (min) = 400 
Brabender units (BU), Extensograph Length 45min= 20.5 centimetres (cm), Falling 
Number =500 Seconds (s) and Dough Development Time= 5 min. 
 
4.1.2 Baking ingredients 
The materials and suppliers are show in Table 4-1 
 
Table 4-1 Materials and suppliers of bakery ingredients 
Supplier Material 
CSR, Australia White sugar 
Saxa, Australia Table salt 
Crisco Australia Blended vegetable oil 
BDH Laboratory Supplies, England L-ascorbic acid 
Lowan instant dry yeast, Australia High activity, instant dried yeast 
Aldrich Chemical Company Fumaric acid 
BDH Laboratory Supplies, England L-cysteine 
Sigma α-Amylase (from Bacillus sp, product code 
A4551 ) 
Merck L-cystine, L-Cysteine HCl 
Sigma Dextrin type 1, dextrin type 11, and D-glucose 
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4.2 Instruments 
4.2.1 ATR/FT-IR and KBr disc 
FT-IR spectra on the dough were recorded using a Perkin-Elmer 2000 ATR/FT-IR 
spectrometer equipped with ATR accessory 45° angles ZnSe crystal. For all analyses, 
except for L-cysteine and L-cystine, the KBr Disc accessory was used. For this, the dry 
samples were mixed with potassium bromide in a ratio of 1: 100, ground to a very fine 
powder and pressed to make a disc. 
 
For all spectra using ATR and the KBr disc accessories, 100 scans were taken at an 
interval of 1 cm-1 and recorded at a 4 cm-1 resolution to give an optimal signal to noise 
ratio, generally in the wave number range of 700 cm-1 -4000 cm-1. In the case of the dough 
and for the KBr disc the range was from 400 cm-1 -4000 cm-1. The background spectrum 
was obtained using the empty crystal, and before each measurement the crystal was 
washed with water, acetone and dried with nitrogen. 
 
4.2.2 Dough mixing, bread making and assessment instruments 
For bread texture measurement the Texture analyser from Stable Micro Systems, England 
model TA-XT2 was used. Dough mixing for spectroscopy experiments was carried out in a 
small Kenwood kitchen mixer. The balance used was Mettler Toledo PB303DR and for pH 
measurements, a Hanna Instruments, Italy model pH211 pH meter was used. For bread 
making, a Panasonic bread maker from Panasonic Australia Pty. Ltd. Australia SD-253 
was used. For colour measurement Minolta chromameter CR-200 was used. 
 
4.3 Methods 
4.3.1 Bread making 
In the preparation of bread loaves for the investigation of the impact of different additives, 
the basic baking ingredients used were wheat flour, sugar, salt, water, yeast and 
shortening. L- ascorbic acid, L-cysteine, fumaric acid, α-amylase as well as sodium 
chloride were added in varying amounts in individual experiments to study the effect of 
addition of each ingredient. Loaves were prepared following a method based upon that 
described by the Bread Research Institute of Australia (BRIA) (1989). The ingredient 
formulation used is shown in Table 4-2 
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Table 4-2 Ingredient formulation used in baking  
 
Ingredient Proportion (% based on flour weight) Amount (g/450g flour) 
Flour 100 450 
Water 66 297 
Sugar 2 9 
Shortening 2 9 
Salt 1.8 8.1 
Yeast 1.5 6.8 
 
Using the Panasonic bread maker, a rapid cycle of 1 hour (h) and 55 min was selected for 
preparing the baked loaves. Immediately following completion of the cycle, the baked 
loaves were removed from the baking pans and placed onto wire racks. Loaves were then 
allowed to cool at room temperature for 1 h. Slices were cut after the completion of the 
cooling period. Slices were packaged in sealed plastic bags to prevent any moisture 
loses. The texture was measured, and the slices were labelled with the date and the 
texture was further measured on samples stored for 2, 4, and 6 days. 
 
4.3.2 Bread texture measurements 
Texture measurements were carried out by the standard procedure (AACC 2000) of the 
American Association of Cereal Chemists (AACC) using the Texture Analyser (Model TA-
XT2, Stable Micro Systems, England). The instrument was operated using a computer 
loaded with Texture Expert for Windows software, © 1995, supplied by Stable Micro 
Systems. The settings and parameters used were as shown in Table 4-3. 
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Table 4-3 Settings employed with the texture analyser  
 
Parameter Setting used 
Mode Measure Force in Compression 
Option Return to Start 
Pre-Test Speed: 1.0 mm/s 
Test Speed: 1.7 mm/s (i.e. 100mm/min) 
Post-Test Speed 10.0 mm/s 
Strain 40% 
Trigger Type Auto – 5g 
Data Acquisition Rate 250pps 
Accessory AACC 36mm cylinder probe 
Radius (P/36R) 
Load cell 5kg 
 
All samples were packaged in sealed plastic bags until the day of the compression test, to 
minimise any sample drying or moisture losses. When slicing the bread care was taken to 
achieve the same thickness for all slices to minimise the measurement error. All samples 
were sliced mechanically to a slice thickness of 25mm. The probe compresses the sample 
slice until it has compressed 40% of the product height. It then withdraws from the sample 
and returns to its starting position. A graphical plot is generated illustrating the variation of 
force as a function of time (equivalent to the distance travelled by the probe). The samples 
were compressed in five different points (one in the centre and four near the corners), and 
average force was calculated. The software analyses the curve and tabulates specified 
measurements showing the characteristics of crumb firmness. 
 
Firmness is defined in this method as the force required compressing the product by a 
preset distance (i.e. force taken at 25% compression of 25mm) (AACC, 2000) A 25% 
compression of 25mm thick sample = 6.25mm compression distance at which point the 
compression force value (CFV) was taken. Whilst force can be expressed in units of 
grams, kilograms or Newtons (AACC, 2000), in the current study the unit used was the 
Newton (abbreviated N). 
 
4.3.3 Measurement of loaf volume 
Bread volume was measured by using the Royal Australia Chemical Institute (RACI) 
standard procedure (RACI 1995). This method measures bread loaf volume as estimation 
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from the sum of the two circumference values of the loaf. The second measurement was 
taken perpendicular to the first. The measurements were taken after one hour of cooling 
at room temperature and the final value used is the sum expressed in centimetres. 
 
4.3.4 Dough preparation for spectroscopy experiments 
4.3.4.1 Dough for protein secondary structure studies 
Distilled water (66 ml) was added to 100 g of flour in the Kenwood mixer then the 
appropriate volume of ascorbic acid or L- cysteine solution was added to the flour and 
adjusted to give final water addition of 66 ml. The dough was mixed for 8 min. 
A small piece of the dough was cut using scissors and loaded onto the ATR accessory 
immediately. The remainder of the dough was covered with plastic and rested for 20 min 
in the mixing bowl and loaded onto the ATR accessory as soon as 20 min had elapsed. 
 
4.3.4.2 Dough preparation for the enzymatic degradation of starch 
Flour (100 g) was added to 66 ml of water and mixed in a beaker using a spatula, α-
amylase was added and the dough re-mixed before loading on to the ATR crystal. There 
was a delay of two minutes from the time of addition of the enzyme until the loading of the 
dough onto the crystal the latter is considered as zero minutes. The remainder of the 
dough was incubated at 35 ºC and every 5 minutes a spectrum was collected. 
 
4.3.5 Water subtraction methods 
4.3.5.1 Water subtraction for protein secondary structure studies 
The band which interferes with Amide I absorption band is that occurring at around 1640 
cm-1 and this arises from the water bending vibration mode. In order to elucidate any 
information from the amide I band, the contribution of absorption of this band has to be 
removed from the dough spectra or using deuterium oxide solution as solvent, instead of 
water, to shift the absorption band due to water bending to a region out of the amide I 
region. Deuterium oxide is usually employed instead of water because of its greater 
transparency in the region of interest. [220] 
 
In this study the band occurring due to the combination of bending and libration mode of 
vibration of water molecular appear at around 2125 cm-1 was used to subtract the water 
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from the dough spectra assuming according to the approach described by Dousseau. 
[221] The complete removal of the band around 2125 cm-1 to give a flat base line will also 
remove the band at 1640 cm1  leaving only the absorption band in the amide I region 
which is due to the amide bond vibration mode. 
 
4.3.5.2 Water subtraction for enzymatic degradation of starch 
No water subtraction procedure was required for those samples where the FT-IR KBr disc 
analysis was utilised. This was because there is no water involved (as is sample). Also no 
water subtraction procedure was needed for the enzymatic degradation of starch 
experiments because the water absorption band does not interfere with the regions of 
interest, corresponding to 800- 1300 cm-1 (C-C, C-O). 
 
4.3.6 Deconvolution 
4.3.6.1 Deconvolution for protein secondary structure studies 
Deconvolution is a resolution- enhancement procedure used to resolve overlapped and 
hidden peaks. Its application to IR has made more detailed studies of globular proteins 
possible. [222] In this study, deconvolution was carried out by assuming an initial 
Gaussian line-shape function for all the peaks. [223] In order to measure the relative 
areas of the partially resolved amide I and II band components, the deconvoluted spectra 
were curve fitted. Peak fit 4.21 software (Hearne Scientific Software) was used with the 
following settings: 63 filter and 9.57 and 0.05. The base line perfectly matching the section 
(880 - 2580 cm-1) was found to be a non -parametric base line with variance r2 = 0.9992. 
The data very closely matched the generated spectra. All the data for all the experiments 
were treated in the same way. Dividing the sum of the areas of all components associated 
with given conformation by the total amide I or II band gives the relative area (%) which 
was used for the data analysis in this study, using the approach widely used by other 
researchers. [224] 
 
4.3.6.2 Deconvolution for the enzymatic degradation of starch studies 
All spectra were deconvoluted using peak fit software (4.21) A section for the region from 
900 cm-1 to 1200 cm-1 was base lined adjusted and peak fitted assuming Gaussian shape 
for the peaks. The sum of the area of the peaks in the region of 900 cm-1 -1200 cm-1 was 
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taken and the relative area of the individual peaks were calculated. The same settings 
were used for all spectra. 
 
4.3.7 Solutions preparation  
4.3.7.1 Preparation of solutions for studies of protein secondary structure  
L-Ascorbic acid or L-cysteine HCl (0.1g) was dissolved in 100 ml of distilled water in 
volumetric flasks and sonicated for 10 min in a sonic water bath to facilitate dissolution. 
Volumes equivalent to the following dosages of ascorbic acid were added to individual 
flour samples: 0.0, 50, 100, 150, 200, 250, 300 ppm  and for L-cysteine the following 
dosages were added 0.0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0 ppm. 
 
4.3.7.2 Solution preparation for the enzymatic degradation of starch studies 
The spectra of Dextrin type1, Dextrin type 11, D-glucose and unmodified starch were 
obtained by dissolving 2 g of each in 5 ml of distilled water.  
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5 
5 Results and discussion: the interaction of ingredients 
during baking  
5.1 Introduction 
Bread is widely regarded as the most important staple food in the western world. [130] 
There is a great variety of baking processes and the differing baking performance of flours 
has led to the term baking quality being difficult to clearly define. In addition this 
complexity is compounded if we seek to establish general criteria of additives effects. 
[131] For example it has been reported that, on a worldwide basis, more than 60 
distinguishable types of flat bread are made. [225] Over time there have been many 
developments in bread making and today additives and technological aids are extensively 
used in the baking industry. [226] One of the significant changes has been in the 
increasing use of enzymes in bread formulations over recent decades. [227] Enzymes as 
technological aids are usually added to flour during the mixing step of the bread making 
process. [228] However it is significant that grains naturally contain a large number of 
enzymes and the variation in their activity levels may exert strong effects on the quality of 
cereal raw materials and the resultant food products. [144] 
 
5.2 Effect of sodium chloride 
5.2.1 Bread volume  
A significant increase in bread volume was found when salt dosage increased from 0.0% 
to 1.6% as shown in Figure 5-1, this is due firstly to the function of salt in bread making 
process. Additionally, there are effects of salt on the function of various components and 
molecules incorporated during the bread making process including the α-amylase 
routinely added to dough formulations. The results confirm the findings of other 
researchers: Salt is known to control yeast growth, at 0% salt concentration the yeast 
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fermented the dough too quickly producing gases in the dough system such that this did 
not coincide with the complete development of the gluten network. As a result the gases 
formed were not fully trapped and some of the gas burst through the dough surface and 
escaped without contributing to the bread volume. The inflation of the dough was 
incomplete because the rate of the production of these gases was higher than the dough 
gas retention capacity. In order to produce a loaf of bread with a light and even crumb 
texture, the dough must be able to retain the gases produced by the yeast fermentation as 
discrete gas cells for a sufficiently long period. [229] In the current study, the observation 
was made that some gas bubbles holes appeared on the surface of the bread crust for 
loaves with 0 % concentration of salt. This is consistent with a rupturing of the matrix 
during baking, leading to the establishment of continuous gas phase and consequently, 
the rapid loss of gas. [229] There was probably also a decrease in bread volume due to 
the effect of salt on α-amylase activity. As salt increases the energy necessary for 
chemical and physical reactions involving water [230], so the addition of sodium chloride 
regulates the rate of starch hydrolysis and sugar production by α-amylase. This, in turn 
regulates yeast growth and gas production rate, resulting in moderate inflation and a 
desirable final bread volume. 
 
Additionally the effect of salt on dough rheological characteristics cannot be ignored, as 
salt strengthens dough structure as reported by other researchers. [231] Salt effectively 
toughens the gluten. [232] Accordingly, the absence of salt weakens the dough, causing 
the structure to be unable to hold and trap the gas, leading to the loaf having a small 
volume bread. On the other hand the presence of salt contributes to the structure of the 
dough and the gluten network producing strong dough capable of retaining the gases 
produced by the yeast. 
 
Increasing the salt in the dough system beyond 1.6% results in a considerable decrease 
in bread volume. Increasing salt increase α-amylase hydrolysis reaction activation energy 
and lower the water activity. [233-235] resulting in less sugars produced by α-amylase for 
yeast to produce carbon dioxide in dough system and increase the volume, also sodium 
chloride inhibit the growth of yeast and affect the amount of gases in the dough, the 
increase in salt dosage in the dough system produce strong dough structure hard to be 
inflated by the low rate of gases produced by the inhibited yeast. 
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Figure 5-1 The effect of sodium chloride concentration on bread volume 
 
5.2.2 Crust color  
The increase in salt dosage increased crust color darkness, as shown in Figure 5-2 
Minolta chromameter defines colour numerically in terms of lightness or L* value, (0 = 
black, 100 = white), a* value (greenness 0 to –100, redness 0 to +100) and b* value 
(blueness 0 to -100, yellowness 0 to +100) Minolta chroma meter values for L, a, b were 
recorded and (L-b) values were calculated. Additionally L-√ (a²) –b was calculated and 
these values were used as an indication of the crust darkness. [236, 237] The 
observations of an increase in crust darkness with increasing in salt incorporation are at 
least partly due the inhibitory effect that salt exerts on the yeast: The salt attracts water 
away from the yeast surface thereby reducing their ability to grow and divide. This then 
impacts the level of simple sugars in the dough, including those directly added as well as 
those produced by α-amylase in the dough system. In comparison with the doughs 
containing lower levels of salt, the accumulation of sugars facilitates reaction with amino 
acids when, during baking, heat is applied. This produces the dark brown colour through 
Maillard reactions which are a series non-enzymatic reactions leading to the formation of 
brown products. [238] 
 
In contrast, for samples with 0% salt the colour was relatively pale and the appearance 
was much whiter than for the samples with increasing salt dosage. For Maillard reactions 
to proceed, the minimum requirements are the presence of an unionised amino 
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compound, usually in the form of a protein or amino acid component, a reducing sugar 
and some water. [239] 
The amylases promote yeast action during fermentation by degrading damaged starch 
into smaller dextrins thereby increasing the availability of reducing sugar groups. [240] 
Surface colour depends both on the physico-chemical characteristics of the raw dough 
particularly water content, pH, reducing sugar levels and amino acid content. [241] Values 
for L-b were used as a measure for crust darkness in comparison with calculated values 
for the colour index [L-√(a²) –b], as both of these have been suggested as useful single 
number parameters that may be easier to utilise than the three separate values of L, a 
and b measured on the crust samples. The differences in these calculated parameters 
were greater when salt levels were varied and as a result the wide variations were found 
to be useful in assessing the impact on crust darkness. The differences observed in the 
colour index value were higher than for L-b so the colour index appears to be the most 
useful in evaluating crust darkness. [236] 
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Figure 5-2 The effect of sodium chloride on crust color 
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5.2.3  Crumb texture 
 
The increase in salt dosage increased crumb firmness, as shown in Figure 5-3. The 
increase in salt dosage affects yeast growth and so gas production rate which will then 
directly affect the crumb texture and structure. This reflects the fact that gas is important 
as it inflates the dough and enhances the texture. Increasing the salt increase the dough 
strength[233] and so produces a more rigid and toughened gluten network which 
contributes to the gas retention. The diffusion of gas through the dough phase is retarded 
[229] and the result is a dense crumb. Also increasing the salt dosage increases the ratio 
of salt to the initial dough component, this contribute to the crumb firmness.  
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Figure 5-3 The effect of salt concentration on crumb texture 
 
5.3 L-cysteine 
Cysteine is an amino acid containing a sulfhydryl group that is available and accessible for 
reaction. This molecule occurs naturally in gluten proteins of wheat flour and can also be 
added to the dough as a reducing agent to increase dough extensibility. This occurs 
through its action on the gluten during mixing process of bread making. Effectively it may 
serve the same function as the energy of the mixer and also of proteases and these are 
opposite to the effects of oxidizing agents. [242] it is now well recognised that the 
sulfhydryl group plays an important role in dough chemistry. This occurs because 
sulfhydryl groups are potentially capable of undergoing a disulfide-sulfhydryl interchange 
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that involve the cleave and reformation of disulfide bonds. This can be mediated by the 
sulfhydryl groups naturally occurring in flour or by the relatively small amounts of 
sulfhydryl compounds added as improver additives and the reactions are referred to as 
disulfide interchange. [243] The reactions are shown here with R and R' representing the 
two gluten molecules and with cysteine as the reducing agent: 
 
R–S–S–R' + cys–SH → R–S–S–cys + R'–SH 
 
R–S–S–cys + cys–SH → cys–S–S–cys + R–SH 
 
If these reactions occur, the effect is to reduce the number of cross-links between the 
gluten subunits and this will be proportional to the amount of cysteine added into the 
dough system. [242] The physico-chemical and functional properties of wheat protein are 
primarily attributed to the disulfide cross-links which play a significant role in the gluten net 
work formation in dough. [244] In addition, the effect of amino acids on bread making are 
important not only to the browning of the crust and its colour but also to flavour. [245] 
Crust browning is essential for the production of attractive bread and it has been 
hypothesised that crust browning is due to Maillard reactions, rather than caramelisation 
or pyrolysis of sugar and starch. [246] 
5.3.1  Effect of L-Cysteine on bread volume 
The addition of L-cysteine to the bread formula increased bread volume as shown in 
Figure 5-4. The added L-cysteine contributes to breaking of disulfide links during mixing 
and partially depolymerises the gluten proteins. [247] This results in a shorter mixing time, 
reduced resistance to extension [248] and a softer dough which can be readily inflated by 
carbon dioxide produced by yeast, giving a higher volume. At higher levels of L-cysteine 
addition decreased bread volumes were observed. This is due to the excessive breakage 
of the disulfide bonds resulting in very soft dough incapable of retaining the gas produced 
by yeast. [248] 
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Figure 5-4 The effect of L-cysteine incorporation on bread volume 
 
5.3.2 Effect of L-Cysteine on bread texture 
Disulfide bond formation and hydrophobic interaction play a key role in protein cross-
linking and thus in the development of textural characteristics. [249] In the current study, it 
was consistently observed that the addition of L-cysteine decreased crumb softness 
(Figure 5-5). The average force values increased as the L-cysteine dosage was 
increased. The reduction of bread softness was attributed to the small volume of the 
bread loaves which increased the crumb density, which is seen as a firmer crumb texture. 
[250] 
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Figure 5-5 The effect of L-Cysteine addition on bread texture 
 
5.3.3 Effect of L-cysteine on crust color 
L-Cysteine addition decreased the L value for bread crust color as shown in Figure 5-6. 
This is due to the colour of peptides and gluten and to the occurrence of Maillard reactions 
involving the free amino acids. [245] L-Cysteine, as an amino acid is able to participate in 
Maillard reactions under suitable conditions and then contribute to the brown crust color. 
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Figure 5-6 The effect of L-cysteine addition on crust color 
 
5.4  Ascorbic acid  
It has been established that the beneficial effect of ascorbic acid (AsA) in bread making is 
due to the oxidised form of AsA which is dehydro ascorbic acid (DHA). It has also been 
shown that flour contains DHA acid reductase which catalyses the oxidation of AsA to 
DHA. [251] 
5.4.1  Effect of ascorbic acid on bread volume 
The results obtained for bread volume when AsA was added to the bread formulation are 
presented in Figure 5-7 It was found that for each of the levels of addition from 50 to 200 
ppm loaf volumes were higher than for the blank sample. AsA strengthens the dough and 
the gluten structure and the occurrence of sulfhydryl- disulfide interchange reaction also is 
used to explain the action of ascorbic acid. [252] 
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In addition it is likely that AsA inhibits the formation of dityrosine molecules in the dough. 
[253] The strength caused by the formation of disulfide bonds in the dough due to the 
action of AsA, makes the dough and the gluten network strong and capable of effectively 
retaining the gas produced by the yeast. The result is increased loaf volumes, due to the 
greatly enhanced gas retention capacity of the dough. 
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Figure 5-7 Effect of ascorbic acid on bread volume 
 
5.4.2 Effect of ascorbic acid on bread texture 
Incorporation of AsA into the bread formula decreases bread firmness (Figure 5-8). 
Ascorbic acid increases bread volume, resulting in low specific volume: the crumb of the 
bread is inflated by gas as it is produced by the yeast. The subsequent retention is 
facilitated by the action of AsA on the dough structure, as this is finer and lighter in texture 
and much less dense compared to the control samples. It has also been suggested that 
AsA serves a protective function for certain of the lipid components which are known to 
have a strong influence on loaf volume and bread quality. [254] 
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Figure 5-8 The effect of AsA on bread texture 
 
5.4.3  Effect of ascorbic acid on crust color 
The addition of AsA also influences the colour of the bread crust (Figure 5-9). 
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Figure 5-9 The effect of AsA on crust color 
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5.5  The incorporation of fumaric acid into bread formulations 
Fumaric acid is a dicarboxylic, naturally occurring, organic, general purpose food acid. 
[255] Owing to its double bond and two carboxylic groups, fumaric acid has been widely 
applied industrially as a good substrate for chemical syntheses, such as esterifications 
and polymerisation. [256] It made synthetically by the isomerisation of maleic acid, and it 
can also be produced by fermentation of glucose or molasses with the mould of Rhizopus 
spp. [256, 257] As an approved additive it has potential applications in bakery 
formulations. 
 
5.5.1  Effect of fumaric acid on bread volume 
Fumaric acid is like other α, β-unsaturated carbonyl compounds (maleic acid and ferulic 
acid) in its effect on dough mixing characteristics, which is similar to the effect of cysteine 
and the SH-blocking reagent N-ethylmaleimide (NEMI). [258] Fumaric acid shows a 
reducing effect due to the double bond configuration in its molecular structure. [259] It 
contributes to dough relaxation by breaking the disulfide bonds between protein molecules 
and by this mechanism it enhances the machinability of the dough. [260] Its effect on 
wheat flour dough protein is illustrated in Figure 5-10, its effect on bread volume is shown 
in Figure 5-11, and its effect on bread texture in Figure 5-12. 
 
 
 
 Before addition after addition  
 
Figure 5-10 The effect of fumaric acid on wheat flour dough. [260] 
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Figure 5-11 The effect of fumaric acid on bread volume 
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Figure 5-12 Effect of fumaric acid on bread texture 
 
5.6 Effect of α-Amylase 
Among the carbohydrases in cereals are α-amylases, β-amylases, debranching enzymes, 
cellulases, β-glucanases, and many glucosidases. α-Amylase appears to be the most 
important of these carbohydrases as it is widely used in dough formulations. [261] The 
enzymes most frequently incorporated during bread making are the α-amylases which 
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may be from different origins (cereal, fungal and bacterial). [262] It is also well established 
that β-amylase is prevalent in wheat flour made from unsprouted grains, however the 
amount of α-amylase is negligible and it is therefore necessary to supplement these flours 
with a certain amount of α-amylase. [263] In this study, the influence of added α-amylase 
has been established by application of the baking test. 
 
5.6.1 Effect of α-Amylase on bread volume 
The addition of α-amylase increases bread volume (Figure 5-13). The increase is due to 
the action of α-amylase, because during mixing, relaxation, scaling, dividing and proofing, 
α-amylase act on damaged starch producing fermentable sugars: these can be utilised by 
the yeast to multiply and produce carbon dioxide, necessary to inflate the dough and 
increase bread volume. [264] During dough mixing damaged starch swells and becomes 
more readily soluble. This, in addition to possible increase in starch protein interaction, 
results in increased dough strength; this in turn makes it more difficult for the dough 
expand as the gases are produced during fermentation. [265] The addition of α-amylase 
results in hydrolysis of damage starch reducing the strength of the dough allowing the 
gases to inflate the dough and increase bread volume. 
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Figure 5-13 The effect of α-amylase on bread volume 
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5.6.2 Effect of α-amylase on bread crust colour 
The addition of α-amylase affects the darkness of the crust. (Figure 5-14) Three different 
measures were used (L value, L-b and colour index) and in each case decreases were 
observed indicating an increase in crust darkness. α-Amylase digestion of damaged and 
gelatinsed starch produces maltose, and various sizes linear and branched dextrins [266] 
and these reducing sugars are then able to participate in Maillard reactions to produce the 
brown crust color. Appropriate levels of amylolytic enzymes are especially important 
during bread making for the formation of dextrins for this purpose. [267] Maillard reactions 
are nonenzymatic reactions involving the reaction of reducing sugars with amino groups 
during baking and a variety of other food processes. [268] 
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Figure 5-14 The effect of α-amylase on bread crust color 
 
5.6.3 The influence of α-amylase on bread staling 
Staling is the general term that describes the textural and flavour changes that occur in 
bread from the time that the loaf is removed from the oven and cooling commences. [269] 
72 
 
During storage, changes in flavour and, normally, a loss of the freshly baked aroma take 
place. [270] In our study, as illustrated in Figure 5-15, the addition of α-amylase 
decreases bread firmness. During storage of the trial loaves, the samples into which α-
amylase had been incorporated was slower than those samples where no α-amylase was 
used. In addition, the rate of staling was found to be dependant on the level of 
incorporation. 
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Figure 5-15 α-Amylase and it influence on bread staling 
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6 Results and discussion: the interactions of α-amylase 
during the fermentation process 
6.1 Summary 
Wheat flour doughs are complex systems in which the various molecular interactions 
influence the ultimate appeal of the resulting baked products. In the current study, 
vibration spectroscopy based upon ATR/FT-IR in the region of 800- 1300 cm-1 (C-C, C-O) 
has been used to study the interactions of α-amylase with starch in a dough system. The 
kinetics of the breakage of the glycosidic link and starch damage content as well as mono 
and polysaccharides produced during the reaction were monitored. The ATR/FT-IR 
spectrums were deconvoluted and the relative area of the individual peaks was 
calculated. Peaks at 1060 cm-1 and 1127 cm-1 were assigned to the C1-OH in glucose and 
the glucosidic link in the starch respectively. These peaks were monitored in order to 
follow the cleavage of the glycosidic link in starch and the subsequent formation of C1-
OH. During the reaction, the relative area of the peak at 1060 cm-1 increased from 0% in 
the blank dough to 10% after 25 min reaction time, while the peak at 1127 cm-1 decreased 
from 2.4% to 1.7%. The peak at 976 cm-1 assigned to the axial deformation of C-OH in 
starch. This peak decreased from 15% to 5% during the same time span. These results 
provide a novel means of monitoring the baking process. 
 
6.2 Introduction 
Wheat is a versatile crop with the unique property that the dough prepared using its flour 
has the ability to be processed into a range of foodstuffs notably bread, other baked 
products and pastas. [110] Starch and protein are the two major constituents of wheat 
flour. In the case of bread, the significance of the starch will show up during each of the 
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major processing stages: milling, dough mixing, fermentation as well as the oven baking 
step and finally the storage of bread. [271] 
6.2.1 Starch composition 
In starch the two major constituents are amylose and amylopectin. Amylose is a linear 
polymer consisting of up to 6000 glucose units with α, 1-4 glycosidic bonds. Amylopectin 
consists of short α 1-4 linked linear chains of 10–60 glucose units and α, 1-6 linked side 
chains with 15–45 glucose units. [272] The kinetics and the products of the breakage of 
these gulcosidic bonds by exo and endoamylases have significance in starch processing 
in a variety of different industries. 
 
6.2.2 Amylases mode of action on starch 
Endoamylases cleave α-1,4 glycosidic bonds in amylose and amylopectin chains in a 
random fashion and α-amylase is well-known as having the mode of action of an 
endoamylase. Exoamylases, including β-amylase, amyloglucosidase, glucoamylase and α 
glucosidase cleave either of both of the glycosidic bonds in starch, that is the α-1, 4 and α-
1, 6. [198] These glucosidic bonds in starches within the intact starch granule are 
stabilised by the formation of intra and intermolecular hydrogen bonds rendering starch 
insoluble in cold water and often resistant to both chemical and enzymatic treatments. 
However, starches can be gelatinsed by heating in water, which increases their chemical 
reactivity to the action of amylolytic enzymes. [273] This is because heat weakens the 
intermolecular hydrogen bonds. Unlike native starch granules, which are semicrystalline, 
insoluble and as a consequence inaccessible to α-amylase, damaged starch is 
amorphous, soluble [274] and very susceptible to attack by α-amylase enzymes. Thus 
damaged starch effectively provides a further supply of sugars to the yeast during the 
fermentation process if an active α-amylase is also present.[275]  
 
6.2.3 Features of ATR/FT-IR 
In this study the breakage of the glucosidic linkage and the production of various sugars 
during the reaction were monitored in a dough system using ATR/FT-IR. The theory of 
ATR/FT-IR has been reviewed earlier and is also available elsewhere. [164, 276] Some of 
the general features of ATR/FT-IR in relation to this study are that it is a type of internal 
reflection spectroscopy in which the sample is placed in contact with an Internal Reflection 
Element (IRE) of high refractive index. IR radiation is focussed onto the edge of the IRE, 
reflected through the IRE, and then directed to a suitable detector. [164] The depth of 
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penetration depends upon the wavelength of incident radiation (λ1), the angle of incidence 
(θ) and the ratio of the ATR crystal and sample refractive indices (n2/n1). The equation 
relating these parameters is presented in Figure 6-1. [277, 278] The depth of penetration 
of radiation is relatively shallow for many types of samples and for dough, it has been 
calculated to be in the order of 0.5–4 μm. [279] 
 
 
 
Figure 6-1 The equation for the depth of penetration of the ATR/FT-IR radiation. [278] 
 
Several researchers have previously reported different applications for ATR/FT-IR in 
starch studies [199, 218, 280-286]. In the current study ATR/FT-IR was used to monitor 
the hydrolysis of starch by α-amylase in a dough system using a water absorption chosen 
as similar to that applied in the baking of yeast leavened bread. 
6.3 Wheat flour dough spectra 
Figure 6-2 shows the main peaks in the dough spectra and these have been assigned to 
the main components of wheat flour dough, namely water, starch, protein, and fat. The 
peak at 3300 cm-1 originated from the stretching of OH and N-H bonds. [187] While the 
peak at 1743 cm-1 is due to the carbonyl stretching of the fatty ester groups from lipids. 
[279] Water also absorbed strongly at around 1645 cm-1 due to OH bending, which is also 
within the amide 1 region (1600-1700 cm-1). The bands in this particular region of the 
spectrum are very sensitive to conformation changes in protein secondary structure. The 
results presented in chapter 6 showed valuable information about the intermolecular 
interaction of baking ingredients and their impact on wheat flour protein secondary 
structure. Amide 1 originated from C=O stretch and N-H vibration modes. [195] To 
eliminate the interference of water with Amide 1 the band at 2125 due to OH deformation 
has been used for water subtraction procedure effectively representing an internal 
standard.[221] The region from 1500-1600 is Amide 11 which is primarily N-H bending, C-
N stretching modes, and it is particularly sensitive to protein- solvent interaction and 
protein–protein hydrophobic interaction. [287] The region from 1300-800 cm-1 (C-C, C-O) 
corresponds to the starch along with its hydrolysis products, and this region is not 
perturbed by water. [200] This is a result of the water absorption band due to OH 
deformation appearing in the region below 800 cm-1 [279] so that no water subtraction 
procedures were needed. 
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Figure 6-2 A typical wheat flour dough ATR/FT-IR spectrum 
 
 6.4 α Amylase hydrolysis product spectrum 
The deconvoluted spectrum of the blank dough (Figure 6-3) is presented in Figure 6-3. The 
main peak observed in the spectra for the product involving α-amylase hydrolysis (Figure 6-4 
to Figure 6-9) and not observed in the blank dough spectrum (Figure 6-3) is the peak at 1060 
cm-1. This peak also appear in the spectrum obtained for pure glucose. As one of the main 
peaks featuring in the D-glucose spectrum, this peak is assigned to the bending of C1-OH in 
the D-glucose molecule. [200-202]  Careful inspection of Figure 6-4 to Figure 6-9 indicates 
that the area under this peak increases as the incubation time is extended. 
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Figure 6-3 The deconvoluted blank dough spectrum before the addition of α-amylase. 
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Figure 6-4 The deconvoluted dough spectrum immediately after the addition of α-amylase. 
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Figure 6-5 The deconvoluted dough spectrum after 5 min of the α-amylase reaction with dough. 
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Figure 6-6 The deconvoluted dough spectrum after 10 min from initiation of the α-amylase 
reaction with dough. 
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Figure 6-7 The deconvoluted dough spectrum after 15 min of the α-amylase reaction with 
dough. 
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Figure 6-8 The deconvoluted dough spectrum after 20 min of the α-amylase reaction with 
dough. 
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Figure 6-9 The deconvoluted dough spectrum after 25 min of the α-amylase reaction with 
dough. 
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6.5 Monitoring the breakage of the glycosidic linkage (α-1, 4) 
Interesting changes in relation to the action of α-amylase on starch is seen through the peak 
at 937 cm-1 which is specifically assigned to the C-O-C in α-1, 4- linkage in the glycosidic 
chain of starch.[200, 202, 204, 211, 288] The relative area of this peak decreased from 0.67 
% at the initiation of the reaction to 0.54 % after 25 minutes of reaction time. The kinetics of 
the breakage of the glycosidic linkage in starch is presented in Figure 6-10, showing that 
there is a linear relation between time and the breakage of the glycosidic linkage. The shape 
of the graph is very similar to that observed for glucose production (Figure 6-16), the 
difference being that the glucose is seen to increase and the glycosidic bond decreases 
coinciding with the mode of action of α-amylase in producing glucose as a product of the 
breakage of the glycosidic linkage in starch polymer. 
 
One of the purposes of α amylase addition in wheat flour dough is to break the starch 
molecules, producing glucose so this can permeate through the yeast cell wall and be 
utilised as a carbon source for the yeast. This results, in turn in the production of carbon 
dioxide as a by-product which has the important function of inflating the dough during the 
fermentation process. So in the light of these results, we have been able to monitor the 
fermentation process with the changes from the addition of water to the flour, up to the 
proofing stage, Including the kinetics of the breakage of the glycosidic linkage in wheat flour 
starch which will be of great interest to cereal chemists in order to monitor the effect of 
various ingredients on the kinetics of the breakage of the glycosidic linkage, more over the 
level of α amylase can effectively be quantified. 
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Figure 6-10 The kinetics of the α-amylase reaction in dough based on the 937 cm-1 (glycosidic 
linkage α-1,4) relative peak area obtained from the deconvoluted spectra 
 
6.6 The kinetics of the α-amylase reaction with dough based on 
the peak at around 976 cm-1 
The relative area of the peak at 976 cm-1 decreased from 0.43% at the beginning of the 
reaction to 0.29% after 25 min of reaction time, Figure 6-11 shows the plot of the relative 
area of this peak versus reaction time. Similar results for the time dependent acid hydrolysis 
of some oligosaccharides were reported by Mathlouthi. [200] The band most affected in the 
previous study was situated in the 993-966 cm-1 range and corresponded to the stretching of 
the C-O bond within the C-O-C structure. The vibration in this region can be assigned to the 
glycosidic linkage, and could also be assigned to the deformation of the axial C-OH at C-4 
(C-4-OH). [200] We stongly suggest that there is a correlation between this peak and the 
level of starch damage in wheat flour, because under the reaction conditions used in the 
current study, the most susceptible of the glycosidic linkages likely to be present in the dough 
system, is the glycosidic linkage in the damage starch components because this is 
amorphous, soluble and highly susceptible to α-amylase action while intact starch granules 
are semi crystal, insoluble and inaccessible to α-amylase. [274] Other changes in the dough 
spectra include those in the peak at around 997 cm-1.This peak is water sensitive and the 
changes of this peak are presented in Figure 6-12. 
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Figure 6-11 The kinetics of the α-amylase reaction with dough based on the 975 cm-1 relative 
peak area obtained from the deconvoluted spectra 
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Figure 6-12 The kinetics of the α-amylase reaction with dough based on the relative area of the 
997 cm-1 peak obtained from deconvoluted spectra 
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6.7 Effect of the enzymatic degradation on starch amorphous and 
crystalline structure 
Changes in starch structure during the reaction course were also investigated by monitoring 
the changes in the peaks at 1022 cm-1 which is characteristic of amorphous starch and the 
peak centred at 1043 cm-1 characteristic of the more organized part of starch (crystal 
structure). [218] The peak at 1022 cm-1 (Figure 6-13) increased from 26.4% at 0.0 min to 
39.9% after 25 min indicating that the relative amounts were greater for the more amorphous 
structure and these were generated in starch during the reaction. Corresponding to this, the 
relative area of the peak at 1043 cm-1 (Figure 6-14) decreased from 16% to 2.4 % during the 
same time span, confirming that the crystal structure was further altered during the course of 
the reaction. X- Ray diffractometry has commonly been used for the determination of starch 
crystallinity. [213] Here we used the ratio of the relative area of the peak at 1043 cm-1 to that 
for the peak at 1024 cm-1. This is presented in Figure 6-15 and shows its use as a measure 
of wheat starch crystallinity according to the method described by Van Soest. [215] The 
same two peaks were used by various workers particularly including Oneh [289] who 
monitored the effect of irradiation on the structure of cowpea starch granules. In addition, 
Van Soest used a similar approach in assessing short- range structural changes in potato 
starch [215] and Sevenou [206] applied this to an investigation of the organisation of the 
external region of the starch granule. 
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Figure 6-13 The kinetics of the α-amylase reaction with dough based on the 1022 cm-1 
(amorphous structure) relative peak area obtained from deconvoluted spectra 
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Figure 6-14 The kinetics of the α-amylase reaction with dough based on the 1047 cm-1 (crystal 
structure) relative peak area obtained from the deconvoluted spectra 
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Figure 6-15 The ratio of the 1047 cm-1 (crystal structure) relative peak area to 1022 cm-1 
(amorphous structure) obtained from the deconvoluted spectra. 
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Figure 6-16 shows the plot the relative area of the peak versus time at 1060 cm-1 the area of 
this peak increased from 0.0 to 10.01% after 25 minutes of α-amylase reaction on starch. 
Glucose is one of the products of this reaction and the increase in the % area of this peak 
can be interpreted as more free hydroxyl groups were produced during the reaction. This 
reflects the fact that free glucose contains five free OH groups while in the starch polymer, a 
monomeric unit contains, on average, fewer than three OH groups. [201] Monitoring this 
peak is a useful approach in that it facilitates the study of the kinetics of the action of α-
amylase on starch; quantitative measurement of the total of all sugars is possible.  
 
These results are in good agreement with the endo mode of action of α-amylase in which it 
cleaves α-1,4-glycosidic links at random, yielding shorter chain fragments including 
oligosaccharides. [201] These, in turn, can then be converted to glucose by amylases 
because they are soluble thereby increasing accessibility by the amylases and resulting in 
conversion to glucose. [290] 
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Figure 6-16 The kinetics of the α-amylase reaction with dough based on the 1060 cm-1  relative 
peak area obtained from the deconvoluted spectra 
 
Another peak change observed to be due to the hydrolytic action of α-amylase is the peak at 
around 1100 cm-1 (Figure 6-17). This peak is assigned to the stretching of (C-O), associated 
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with the ring originated from C-4-O and C-6-O in glucose. [200, 202, 291] The relative area of 
this peak increased from 8.6% at the beginning of the reaction to 11.8% after 25 minutes, the 
increase in the % area of this peak is further evidence for the increase in the amount of free 
glucose in the reaction medium. Figure 6-17 shows that there is a linear relation between the 
% area of the peak at 1100 cm-1 and the reaction time. Chromatographic analysis of the 
hydrolysis products has shown that glucose is the main product of the reaction between 
starch and α-amylase. [273] Other changes in the dough spectra are seen in the peak at 
1127 cm-1 and presented in Figure 6-18.  
 
8
8.5
9
9.5
10
10.5
11
11.5
12
12.5
0 5 10 15 20 25 30
Time (min)
Ar
ea
 %
1100 cm-1
 
Figure 6-17 The kinetics of the α-amylase reaction with dough based on the 1105 cm-1 relative 
peak area obtained from the deconvoluted spectra. 
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Figure 6-18 The kinetics of the α-amylase reaction with dough based on the 1127 cm-1 relative 
peak area obtained from the deconvoluted spectra. 
 
Another band affected by the hydrolytic action of α amylase is the peak at 1151 (Figure 
6-19). The vibration in this region originates from the coupling of the stretching of (C-O), the 
bending of (C-H) and the stretching of (C-O-H). [200] The area of this peak decreased from 
11.0 to 10.4% after 25 min of reaction time corresponding to the decrease in the intensity of 
this peak as a consequent of the hydrolytic action of α amylase on starch that has been 
reported by Krieg. [202, 292] In attempting to determine the activity of α amylase in human 
serum samples, by recording two spectra, one immediately after the addition of the enzyme 
to starch, and one after 20 min reaction time and taking the difference in the spectra, this 
peak was one of the main peaks giving rise to negative peaks in the their study of the 
difference spectra. 
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Figure 6-19 The kinetics of the α-amylase reaction with dough based on the 1151 cm-1 relative 
peak area obtained from the deconvoluted spectra. 
 
6.8 Conclusion 
ATR/FT-IR is a useful technique in studies of starch hydrolysis and quantitative 
measurement of sugar in the dough system. The various ingredients and conditions affecting 
the kinetics of the breakage of the glycosidic linkage were monitored by using ATR/FT-IR. 
The effect of dough ingredients on starch can be monitored and measured. The structural 
changes and intra and inter molecular interactions accompanying the reaction catalysed by 
the α amylase greatly affect the appealing and characteristics of the food products made 
from wheat flour doughs. The whole fermentation process can effectively be monitored using 
ATR FT-IR. 
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7 
7 Results and discussion: the application of ATR/FT-IR to 
an investigation of inter- and intra-molecular 
interactions and protein secondary structure in a 
dough system 
 
7.1 Introduction 
The purpose of this study has been to investigate the effect of the widely used oxidising 
agent ascorbic acid and the reducing agent L-cysteine on dough structure. These are 
important as they influence the ability of dough to retain the gases produced as a by-product 
when yeast utilise the sugars produced by the action of α-amylase on starch. This chapter 
focuses on the amide I and amide II components and relates these with the characteristics of 
the dough. It also investigates the changes in inter-molecular and intra-molecular interactions 
upon addition of the selected oxidising or reducing agent, so it seeks to elucidate information 
from the whole spectrum of the wheat flour dough. 
 
Plant proteins play significant roles in human nutrition. [293] Wheat is one of the most widely 
cultivated plants. [92] Gluten proteins are the predominant proteins in wheat flour; these are 
insoluble in water under conditions in which the pH values are near-neutral as well as having 
viscoelastic properties when hydrated. [294] Gluten contains two distinguishable fractions: 
the glutenins (disulfide -linked polymers) and the gliadins (typically monomeric proteins) 
which together give dough a combination of strength and extensibility. [196] Gliadin 
contributes particularly to the viscosity of the dough while glutenin provides elasticity 
characteristics to the dough. Gliadins were initially classified into four groups on the basis of 
mobility at low pH during gel electrophoresis (α-, β-, γ-, ω- gliadins in order of decreasing 
mobility). [115] Glutenin subunits, on the other hand, consist of two distinct groups, the 
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predominant low-molecular-weight species and the high molecular weight (HMW) subunits. 
[287]  
Dough, in its most basic form, is made by combining water, flour, and energy. [295] Water 
causes the proteins to swell and mechanical energy promotes organisation of the proteins 
into a continuous matrix giving dough a unique viscoelastic structure. [296] Dough also can 
be defined as a composite system that comprises two dispersed filler phases (gas cells and 
starch granules) and the gluten matrix. The relative proportions of these and the rheological 
properties of the matrix are a reflection of those of the fillers and these all contribute in 
determining the behaviour of the composite. [297] Additives and technological aids (also 
referred to as processing aids) are extensively used in the baking industry for the 
enhancement of the dough handling properties and machinability. [226] 
 
L-Cysteine and similar thiol compounds play an important role in the modification of the 
rheological properties of foods. [249] L-cysteine reduces the disulfide bonds between 
proteins and, in a dough, weakens the strength of the gluten network in the dough. [298] The 
usefulness of ascorbic acid on the other hand depends on its ability to modify the properties 
of the proteins of wheat flour in a technologically advantageous manner. [299]  
 
Many attempts have been made to establish the biochemical basis for the baking quality of 
wheat flour. [300] A wide variety of methods have been used by other researchers in an 
attempt to quantify the effect of oxidising and reducing agents on wheat flour dough. 
However those methods do not give direct information about the effect on protein secondary 
structure. [252, 301, 302] The basis of the studies reported here is that a vibrational 
spectrum can give a more complete picture of the structure (geometry, electronic structure) 
and dynamics of an analysed molecule. [177] 
 
IR spectroscopy was one of the earliest experimental methods recognised as potentially 
useful for estimating the secondary structure of polypeptides and proteins. [174] Over the 
past decade, more recent developments in methods for analysis of spectral data have 
revitalised the use of ATR/FT-IR spectroscopy in protein analysis. Several different 
techniques are available for the quantification of protein secondary structure from ATR/FT-IR 
spectra of proteins. [303] This includes methods for accurately quantify protein secondary 
structure [304] and there are now three analytical procedures currently in use: Fourier self 
deconvolution, second derivative and curve-fitting. [184] 
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7.2 ATR/FTIR of wheat flour dough 
ATR/FT-IR spectroscopy has played a pioneering role in studying the conformation of 
peptides, poly-peptides and proteins. [176] Its application to analysis of protein secondary 
structure is based on the sensitivity of the absorption bands of the peptide group to the 
conformation of the surrounding polypeptide chain. [305] Figure 7-1 shows the typical 
spectrum obtained in the current study for a wheat flour dough that might be used in 
breadmaking. The amide groups of polypeptides and proteins possess nine characteristic 
vibration modes or group frequencies [174] and these are referred to as amide A, B, I, II, III, 
V, VI, VII, VIII. As seen in the spectrum, the amide A band occurs at around 3500 cm-1 and 
amide B at 3100 cm-1. Between 300-1700 cm-1 the peaks are those of amide I to amide VII 
starting from the higher wave number for amide I to the lower wave number for amide VII that 
are characteristic of secondary trans amides. [224] Of these vibrational bands, the amide I 
band has been the most useful probe for determining the secondary structures of proteins. 
[184] This particular band is due almost entirely to the C-O stretch vibration of the peptide 
linkages that constitute the backbone structure of a protein. 
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Figure 7-1 ATR/FT-IR spectrum of a typical wheat flour dough following deconvolution 
 
7.2.1 Amide I  
The regions of amide I in the wheat flour dough (1600-1700 cm-1) are seen in Figure 7-1. The 
assignment of this peak has been based upon the report by Lee and co-workers [178] The 
peak for amide I is centred at around 1650 cm-1 Figure 7-1, although in this study it was 
observed that the peak did shift to a lower frequency and sometimes to higher values 
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depending on the specific nature of the experimental variations and the additives being used. 
This indicates that the food additives incorporated into the dough formulation brought about 
important changes in protein secondary structure. High sensitivity to small variations in 
molecular geometry and hydrogen bonding patterns makes the amide I band uniquely useful 
for the analysis of protein secondary structural composition and conformational changes. 
[163]  
 
The results for the individual components of the amide I are presented in Figure 7-2. After 
the deconvolution and peak fitting process, the spectrum of the dough showed a prominent 
band at around 1650 cm-1 that is associated with the α-helix conformation. The band seen to 
occur at around 1613 cm-1 was assigned to the intermolecular β-sheet structure. [176, 306] In 
addition, the band centred at around 1630 cm-1 was assigned to intra-molecular β-sheet 
structure, [174, 188] while that at around 1670 cm-1 is associated with the presence of β-
turns, a structure predicted in the long repetitive domains of prolamin molecules. [188] The 
band at 1685 cm-1 was assigned to anti-parallel β-sheet. [189, 195] In all of the spectra of the 
dough samples examined in the current study, the amide I contained deconvoluted peaks 
representing each of the specific conformations that have been assigned here. This has then 
led to the conclusion that each of the secondary structures are present within the gluten 
matrix in the wheat flour dough. 
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Figure 7-2 ATR/FTIR spectrum of wheat flour dough showing the amide I and II regions in the 
dough spectrum following deconvolution 
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7.2.2 Amide II 
Despite the demonstrated value of the amide I region, it is noted that amide II and amide III 
have also been used for structural quantification, although to a lesser extent. [304] In Figure 
7-2 the amide II region (1500-1600 cm-1) consists primarily of N-H bending and C-N 
stretching modes. [287] The principal peak in the amide II band is that centred at around 
1545 cm-1. This peak characterising the amide II region was assigned to the secondary 
structure of the α-helix. [307, 308] 
 
The other peak within the amide II which also exhibited significant changes, in this study, 
was that at around 1530 cm-1. This peak was assigned to the β-sheet structure. [308] It was 
also noted that other peaks typically appeared at 1503 cm-1, 1517 cm-1, 1665 cm-1, and 1580 
cm-1. 
 
7.2.3 Water subtraction 
Water molecules absorb IR at a variety of wavelengths and Figure 7-3 A shows a typical 
spectrum of a dough. In this is included the contributions relating directly to the water 
molecules present in the dough. Figure 7-3 B shows the molecular vibration modes obtained 
for water, and in Figure 7-3 C the dough spectrum is presented following water subtraction. 
In Figure 7-3 B, the absorption band seen at around 3400 cm-1 is due to the anti-symmetric 
stretching mode of vibration of water molecules. [306] In addition, the absorption band at 
approximately 3200 cm-1 is due to the symmetric vibration mode of the water molecule. [309] 
The band which interferes with the amide I absorption band is that at around 1640 cm-1 
arising from the water bending vibration mode. Hence, in order to elucidate any information 
from the amide I band, the contribution of the absorption of this band has to be removed from 
the dough spectrum. Alternatively, the problem can be resolved using a deuterium oxide 
solution as solvent instead of water, to shift the absorption band due to water bending to a 
part of the spectrum away from the amide I region. Deuterium oxide is usually employed 
instead of water because of its greater transparency in the region of interest. [220]  
 
In this study the band resulting from the combination of bending and the libration mode of 
vibration of water molecules appears at around 2125 cm-1. This was used to subtract the 
water from the dough spectrum following the approach according to the Dousseau method. 
[221] The complete removal of the band around 2125 cm-1 until a flat base line is obtained, 
also removes the band at 1640 cm-1. As a result, the absorption bands in the amide I region 
are due only to the amide bond vibration modes. Therefore it can be seen from Figure 7-3 C 
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that the peak at around 2125 cm-1 becomes a flat line and the amide I and II became more 
fully resolved. 
 
Another mode of water vibration is the libration mode of vibration, corresponding to a peak at 
around 800 cm-1 which is due to reorientation of the water molecules in the hydrogen bonded 
network. This is particularly sensitive to the dynamic properties of the water molecules. [310] 
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Figure 7-3 ATR/FT-IR spectra following deconvolution for (A) dough before water subtraction, 
(B) water, and (C) dough after water subtraction. 
 
7.2.4 Deconvolution 
As shown in Figure 7-2 ATR/FT-IR spectra of the food samples and in particular the protein 
amide I is composed of broad, overlapped bands. [309] Deconvolution is a resolution-
enhancement procedure used to resolve overlapped and hidden peaks. Its application to 
ATR/FT-IR has made more detailed studies of globular proteins possible. [222] In the current 
study deconvolution was carried out by assuming an initial Gaussian [85, 223, 311] line-
shape function for all the peaks. In order to measure the relative areas of the partially 
resolved amide I and II components the deconvoluted spectra were curve fitted. Peak fit 
version 4.12 software was used with the following settings: 63 filter, 9.57 and 0.05. The base 
line perfectly matched within the section of the spectrum at 880-2580 cm-1 and this was 
found to be a non-parametric base line with the data very closely matching the generated 
spectrum. During the current study, all of the data for all the experiments was treated in the 
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same way. Dividing the sum of the areas of all components associated with the given 
conformation, by the total amide I or II band, gives the relative area, which is used for the 
data analysis in this study. This approach has been widely used by other researchers. [224] 
7.3 The effect of oxidising agent 
This study monitors all of the changes in dough structure that are reflected by their vibration 
spectra. These include changes in protein secondary structure brought about by chemical 
additives at various levels of addition, while simultaneously reflecting the changes in starch 
regions as well as the amorphous and crystal structures of the dough spectrum. Figure 7-4 
shows the effect of the addition of ascorbic acid at 300ppm level of addition on the dough. 
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Figure 7-4 Wheat flour dough spectrum with 300ppm ascorbic acid following deconvolution 
 
The addition of ascorbic acid to the dough results in an increase in the relative area of inter-
molecular β-sheet (1613 cm-1), while the intra-molecular β-sheet (1630 cm-1) decreased. In 
Figure 7-7 to Figure 7-11 the increase in the inter-molecular β-sheet type of structure was 
due to the oxidation action of ascorbic acid on dough protein molecules, specifically the 
oxidation of sulfhydryl during the dough mixing process. Ascorbic acid is rapidly oxidised by 
atmospheric oxygen kneaded into the dough to give dehydroascorbic acid (DHA) and the 
reaction is accelerated by the presence of the enzyme ascorbate oxidase (AOX), naturally 
present in wheat flour. [91, 251, 312] The rate of this reaction during dough mixing is shown 
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in Figure 7-5. DHA is the cofactor of the enzyme glutathione dehydrogenase (GSH-DH) and 
this enzyme oxidises the glutathione (GSH) naturally present in wheat flour to produce 
disulfide linkages. [91, 312, 313] This reaction is linked to the baking quality of wheat flour 
dough. [314-316] The results obtained here will be further related to the baking results in the 
discussion presented in Chapter 7 of this thesis. The mechanism of the improver action of 
ascorbic acid is illustrated in Figure 7-6 and the possible reaction involved is presented in 
Table 7-1. 
 
 
 
Figure 7-5 Oxidation of ascorbic acid to DHA during dough mixing [91] 
? Ascorbic acid ? DHA ? the sum of ascorbic acid and DHA 
 
 
 
 
 
 
Figure 7-6 Representation of the improver action of ascorbic acid in the dough. [317] 
 
The results indicate that the oxidation of sulfhydryl groups to the disulfide structure 
strengthens the protein- protein interactions and since glutenin polymers are richer in β-sheet 
structure than gliadins [188] the strengthening effect of ascorbic acid on the dough can be 
related to the amount and involvement of glutenin. 
 
 
Table 7-1 The possible reactions involved in the improver action of ascorbic acid [317] 
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 Reactants Catalyst products 
1 AA + ½ O2 AOX DHA + H2O 
2 DHA + 2GSH GSH-DH AA + GSSG 
3 PSH + GSSG → PSSG + GSH 
4 GSH + PSSP → GSSP + PSH 
5 GSH + CSSC → GSSC + CSH 
6 CSH + PSSP → CSSP + PSH 
7 PSH + CSSC → PSSC + CSH 
 
Note: GSSG, oxidised glutathione; CSSC, cystine; CSH, cysteine; PSSP, gluten; PSSG, 
gluten-bound glutathione; PSH, gluten sulfhydryl 
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Figure 7-7 The effect of various levels of ascorbic acid on amide I components 
Note: Inter-molecular β-sheet 1613 cm-1, Intra-molecular β-sheet 1630 cm-1, α-helix 1653 cm-1, 
and β-turn 1673 cm-1 
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Figure 7-8 The effect of various levels of ascorbic acid on amide I components Antiparallel β-
sheet 1686 cm-1, and C=O of ascorbic acid 1744 cm-1. 
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Figure 7-9 The effect of ascorbic acid on amide II components, the peaks at 1503 cm-1, and 
1517 cm-1. 
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Figure 7-10 The effect of ascorbic acid on amide II components, the peaks  at  1530 cm-1, and 
1545 cm-1. 
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Figure 7-11 The effect of ascorbic acid on amide II components 1560 cm-1, and 1580 cm-1. 
 
7.4 The effect of reducing agent 
The addition of the reducing agent L-cysteine to wheat flour dough at various levels also has 
a substantial effect on the IR spectrum of the dough. Figure 7-12 shows the dough spectrum 
following deconvolution and peak fitting. Both amide I and amide II components have 
exhibited significant changes in relative area as a result of L-cysteine addition. These 
changes were the opposite of those observed when ascorbic acid were added. In addition, 
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the shape of both of the regions amide I and amide II has been affected by the addition of L-
cysteine and as has the intensity of the different component of both amides. 
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Figure 7-12 The spectrum of a wheat flour dough incorporating 15 ppm L-cysteine following 
deconvolution 
 
L-Cysteine addition at levels of up to 10 ppm increased the relative area for both the inter-
molecular β-sheet (1613 cm-1), and intra-molecular β-sheet (1630 cm-1) as shown in Figure 
7-13 to Figure 7-16. The increases in the relative area were due to the reduction of disulfide 
bonds by L-cysteine, which results in increases in the protein-protein interactions within the 
same protein molecule (inter-molecular) and between one protein and other protein molecule 
(intra-molecular). The reduction of the disulfide bond results in an increase in the proportion 
of the protein having β-sheet structure in the dough. This corresponded with the dough 
becoming softer and easier to stretch, indicating that this type of secondary structure, when 
present, is characteristic of a weak dough with less resistance to extension. The addition of 
L-cysteine at levels of more than 10 ppm resulted in doughs being very sticky and soft: 
Handling of the dough became difficult because of the excessive cleavage of the disulfide 
bonds. The latter destroys the regularity of the protein secondary structure and the shape of 
the proteins becomes more symmetrical. The native macromolecules of the protein can be 
strained because of the chemical bridges connecting different parts of its main valency chain. 
[318] 
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Figure 7-13 The effect of various levels of L-cysteine on amide I components. Inter-molecular β-
sheet 1613 cm-1, Intra-molecular β-sheet 1634 cm-1, and β-turn 1673 cm-1 
 
While the β- sheet structure increased, the presence of the band due to the α-helix structure 
exhibited substantial decreases in relative area (Figure 7-14 toFigure 7-16) as a result of the 
reduction of the disulfide bond in glutenin. This indicates that the α-helix structure is relatively 
rigid and less accessible to water compared to the other amide I components including β-
sheet while also being more hydrophobic. The reduction of the disulfide bond reduces the 
size of the gluten molecules by allowing separation of the peptide chains. This reduces the 
distortion of the polypeptide backbones which is at least partially responsible for the 
presence of the helical structure. [189] 
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Figure 7-14 The effect of various levels of L-cysteine on α-helix (1653 cm-1) 
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Figure 7-15 Effect of various levels of L-cyteine on amide II components (1494 cm-1, 1567 cm-1, 
and 1580 cm-1) 
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Figure 7-16 Effect of various levels of L-cyteine on amide II components (1525 cm-1 and 1548 
cm-1) 
 
7.5 Conclusion 
The modifications which were observed to occur in the chemical structure of the protein as a 
result of the action of the food additives, corresponded with significant changes in the 
rheological properties of the wheat flour doughs. This has been confirmed by the baking 
experiments which will be discussed in Chapter 7 of this thesis which show that the changes 
in protein secondary structure affect the baking performance of wheat flour dough. 
 
From the studies reported in this chapter, FT-IR has been shown to provide an effective 
means to monitor the protein-protein interactions, starch-protein interactions and disulfide 
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sulfhydryl interchange. These are the main elements that determine the overall dough 
strength and therefore, processing characteristics of the dough. 
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8 
8 Conclusions and recommendations for future research 
8.1 Starch and α-amylase reaction 
Throughout this study the technique of ATR/FT-IR has been utilised in studies of dough 
processing and baking. The results clearly demonstrate that this is a useful approach which 
can enhance our understanding of the changes occurring in a dough. ATR/FT-IR has been 
applied to estimating and evaluating a number of components having significance in the 
bread making process. 
 
Firstly the technique has been utilised for the investigation of starch hydrolysis and also to 
the qualitative measurement of sugars within the dough system. The kinetics of α-amylase 
reaction with starch has been considered in two ways: by monitoring both the rate of 
production of sugars in the reaction medium as well as by assessing the cleavage of the 
glycosidic linkages in starch. The findings were that when various ingredients were 
incorporated and the impact of processing conditions was evaluated, it was possible to 
determine their impact upon the kinetics of the cleavage of the glycosidic linkage. These 
effects could be readily monitored. Accordingly, the effects of dough ingredients on starch 
were clearly seen. Correspondingly, structural changes in starch were monitored and these 
were shown to be directly related to the period of time which had elapsed for the incubation 
of starch in the dough with the α-amylase. These observations were also related to the intra-
and inter-molecular interactions accompanying the reaction catalysed by the enzyme α-
amylase. The various quality attributes of the end product in the form of bread loaves 
produced from the doughs were measured and these included loaf volumes, crumb texture 
and colour characteristics. The quality of the resultant loaves were strongly influenced by the 
action of the enzyme and it was possible to effectively monitor the whole fermentation 
process using ATR/FT-IR. 
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8.2 Protein secondary structure 
Extensive research has previously been carried out on the role of protein components in the 
formation of the gluten matrix and their significance in the development of desirable dough 
characteristics for bread making. In this context there have been relatively few studies that 
have been able to evaluate the relative significance of the recognised forms of protein 
secondary structure. In addition, whilst it is recognised that bakery additives in the form of 
dough conditioners can be used to manipulate dough and bread characteristics, the 
application of ATR/FT-IR instrumentation to monitor these has not been reported.  
 
A number of chemical additives significantly change the rheological properties of wheat flour 
doughs and the baking experiments discussed in chapter 7 have significantly advanced our 
knowledge of the use of ATR/FT-IR as a tool in this area of research. Changes in protein 
secondary structure clearly affect the baking performance of wheat flour doughs. The 
addition of the oxidising agent AsA results in a decrease in the relative area of the IR peaks 
that reflect the interactions of the structure identified as reflecting the formation and presence 
of inter-molecular β-sheets. The results indicate that the oxidation of sulfhydryl groups to 
form disulfide linkages strengthens the protein-protein interactions. Since glutenin polymers 
are known to be higher in β-sheet structures than gliadins, the results obtained in the current 
study provide confirm that the strength effect shown to be associated with AsA incorporation 
into the dough formulation are directly related to role of the glutenin component of the gluten-
forming proteins. 
 
The results obtained in the current study are consistent with the developing understanding 
that the overall strength of wheat flour doughs reflects the significance of three main 
elements which are protein-protein interactions, starch-protein interactions as well as 
disulfide-sulfhydryl interchange. ATR/FT-IR provides a useful means of comparing doughs 
and studying the changes occurring during dough development and also as a result of 
subsequent processing. 
 
8.3 ATR/FT-IR and the interactions occurring during baking 
Following the studies of doughs, a similar approach has been applied for a re-evaluation of 
the interactions and the synergetic effect of ingredients during baking. Consistent with the 
accumulated knowledge of baking systems, it has been demonstrated here that the 
incorporation of α-amylase increases bread volume, and also serves to retard bread staling 
while the addition of the reducing agent L-cysteine increases bread volume up until a certain 
point has been reached, followed by a clear decrease in bread volume. Sodium chloride 
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levels in the baking formulation were shown to influence yeast growth and α-amylase action 
on starch. The results show that, based upon the quality attributes measured in this study, 
the optimum level of salt incorporation was found to be within the range of 1.6-1.8% based 
on flour weight. 
 
It was found that within the wheat flour doughs, the preparation with the addition of the 
oxidising agent and reducing agent, both had a marked effect upon dough protein secondary 
structure. This then affected the baking performance as reflected in the measured attributes 
of baked loaves. 
 
8.4 Recommendations for future research into wheat flour dough 
It is generally accepted that wheat flour doughs are complex matrices and that a diverse 
range of molecular components are probably interacting, thereby influencing the quality of 
the products ultimately consumed as part of the diet throughout the world. Whilst the current 
investigation provides novel results and establishes the potential and usefulness of the 
approaches developed here, much remains to be done to extend the current results. Among 
the additional work that can now be considered, the use of ATR/FT-IR warrants further 
attention.  
 
A number of components and interactions that were beyond the scope of this research 
project, can now be considered as part of ongoing and future research. This has the potential 
to extend the applications and usefulness of ATR/FT-IR in the processing of a variety of 
foods made from cereal grains. 
 
Firstly further investigation into the determination of the starch damage content of wheat flour 
is recommended as the preliminary evidence reported here is promising. The peak identified 
as being useful for this purpose and corresponding to damage starch in wheat flour doughs 
is the peak occurring at 975 cm-1. During the current study this peak has been monitored in 
conjunction with the assessment of the effect α-amylase on the relative area of this peak. 
Clearly, future quantitative measurement of damaged starch should focus on this peak.  
 
Another area recommend for ongoing studies is related to the effects of various levels of 
addition of different baking ingredients. It is suggested that the impact of a range of bakery 
ingredients be analysed regarding protein secondary structure as well as the activity of α-
amylase. Based upon the results reported in this thesis, the determination of α-amylase 
activity in wheat flour by using ATR/FT-IR appears to be achievable. This might be done 
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either by monitoring the rate of production of the various sugar products in the dough 
spectra, or alternatively by monitoring the cleavage of the glycosidic linkage. It will be useful 
to compare these two approaches as a means of determining their relative suitability for 
future adoption in routine analysis that might provide useful strategies for quality control and 
assurance. 
 
On the basis of the demonstration of the potential of vibrational spectroscopy instruments for 
the study of wheat flour doughs, further work on disulfide interactions and their significance 
are also recommended. Instruments including ATR/FT-IR as well as Raman spectroscopy 
may well provide invaluable tools and information. In future studies the estimation of the 
disulfide content of wheat flour dough might be explored. During the current work, both the 
disulfide and sulfhydryl peaks appeared to be relatively weak in ATR/FT-IR. However these 
may be more readily detected in Raman spectroscopy. Accordingly research in the area of 
the disulfide-sulfhydryl interactions might usefully focus on the use of Raman spectroscopy 
rather than using ATR/FT-IR. In the context of increasing evidence of the importance of 
selenium in wheat flour doughs, along with the likelihood of links forming between the 
seleno-amino acids, particularly selenocysteine in doughs, it is also possible that Raman 
spectroscopy may be applied to this area as well. 
8.5 Recommendations for future research in food products 
The results from this study demonstrating that computer software that is able to effect 
deconvolution of IR spectra obtained for dough samples, indicates that it may also be 
possible to use this approach for other measurements. These may usefully include the 
determination of a range of other components found in flours and doughs, as well as 
extending to constituents of other grains and foods more generally.  
 
As examples, the determination of ascorbic acid content in wheat flour and other food 
products can probably be achieved by monitoring the vibration corresponding with C=O 
stretch appearing at 1743cm-1 in the spectrum. In the study reported in this thesis, the peak 
of this particular vibration is strong in the ATR/FT-IR spectra. In addition, the relative area of 
this peak has been shown to have increased with increasing levels of addition of AsA in 
wheat flour doughs. 
 
The focus of this thesis has been upon the various peaks and aspects of starch and protein 
components. In addition to these, it is likely that ATR/FT-IR can be evaluated and used to 
study other food constituents including lipids and the non-starch polysaccharides in doughs, 
the resultant products and other foods. 
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Another area of interest is in the peak identified as corresponding to O-H stretch specifically 
of water at around 2800-3800 cm-1. This relates to the degree of hydration of the samples 
and to that of the various components in foods which have varying affinities for water. Based 
upon the observations made here, it is also likely that ATR/FT-IR can prove useful to future 
studies of the hydration kinetics of food samples. It might be expected that this peak can be 
used to study protein-water and starch-water interactions. Other groups of food components 
are also involved in the competition for hydration. This region of the spectrum may provide 
promising insights through the monitoring of changes occurring during processing and 
storage.  
 
Finally, whilst the results discussed here have necessarily been limited in scope, they do 
demonstrate the potential of the approach described. Further work is now warranted and it is 
sincerely hoped that what has already been achieved might stimulate further studies in this 
area, thereby enhancing our understanding of dough systems as well as other foods, and 
that this might ultimately lead to more effective ways of providing nutritious and appealing 
food products in the future. 
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